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Chapter 1 
INTRODUCTION 


This design guide is an update to the AISC publication Tor- 
sional Analysis of Steel Members and advances further the 
work upon which that publication was based: Bethlehem 
Steel Company's Torsion Analysis of Rolled Steel Sections 
(Heins and Seaburg, 1963). Coverage of shapes has been 
expanded and includes W-, M-, S-, and HP-Shapes, channels 
(C and MC), structural tees (WT, MT, and ST), angles (L), 
Z-shapes, square, rectangular and round hollow structural 
sections (HSS), and steel pipe (P). Torsional formulas for 
these and other non-standard cross sections can also be found 
in Chapter 9 of Young (1989). 

Chapters 2 and 3 provide an overview of the fundamentals 
and basic theory of torsional loading for structural steel 
members. Chapter 4 covers the determination of torsional 
stresses, their combination with other stresses, Specification 
provisions relating to torsion, and serviceability issues. The 
design examples in Chapter 5 illustrate the design process as 
well as the use of the design aids for torsional properties and 
functions found in Appendices A and B, respectively. Finally, 
Appendix C provides supporting information that illustrates 
the background of much of the information in this design 
guide. 


1 


The design examples are generally based upon the provi- 
sions of the 1993 AISC LRFD Specification for Structural 
Steel Buildings (referred to herein as the LRFD Specifica- 
tion). Accordingly, forces and moments are indicated with the 
subscript u to denote factored loads. Nonetheless, the infor- 
mation contained in this guide can be used for design accord- 
ing to the 1989 AISC ASD Specification for Structural Steel 
Buildings (referred to herein as the ASD Specification) if 
service loads are used in place of factored loads. Where this 
is not the case, ithas been so noted in the text. For single-angle 
members, the provisions of the AISC Specificationfor LRFD 
of Single-Angle Members and Specification for ASD of Sin- 
gle-Angle Members are appropriate. The design of curved 
members is beyond the scope of this publication; refer to 
AISC (1986), Liew et al. (1995), Nakai and Heins (1977), 
Tung and Fountain (1970), Chapter 8 of Young (1989), 
Galambos (1988), AASHTO (1993), and Nakai and Yoo 
(1988). 

The authors thank Theodore V. Galambos, Louis F. Gesch- 
windner, Nestor R. Iwankiw, LeRoy A. Lutz, and Donald R. 
Sherman for their helpful review comments and suggestions. 
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Chapter 2 
TORSION FUNDAMENTALS 


2.1 Shear Center 


The shear center is the point through which the applied loads 
must pass to produce bending without twisting. If a shape has 
a line of symmetry, the shear center will always lie on that 
line; for cross-sections with two lines of symmetry, the shear 
center is at the intersection of those lines (as is the centroid). 
Thus, as shown in Figure 2.la, the centroid and shear center 
coincide for doubly symmetric cross-sections such as W-, M-, 
S-, and HP-shapes, square, rectangular and round hollow 
structural sections (HSS), and steel pipe (P). 

Singly symmetric cross-sections such as channels (C and 
MC) and tees (WT, MT, and ST) have their shear centers on 
the axis of symmetry, but not necessarily at the centroid. As 
illustrated in Figure 2. lb, the shear center for channels is at a 
distance e, from the face of the channel; the location of the 
shear center for channels is tabulated in Appendix A as well 
as Part 1 of AISC (1994) and may be calculated as shown in 
Appendix C. The shear center for a tee is at the intersection 
of the centerlines of the flange and stem. The shear center 
location for unsymmetric cross-sections such as angles (L) 
and Z-shapes is illustrated in Figure 2.1c. 


2.2 Resistance of a Cross-section to a Torsional 
Moment 


At any point along the length of a member subjected to a 
torsional moment, the cross-section will rotate through an 
angle @ as shown in Figure 2.2. For non-circular cross-sec- 
tions this rotation is accompanied by warping; that is, trans- 
verse sections do not remain plane.! If this warping is com- 
pletely unrestrained, the torsional moment resisted by the 
cross-section is: 


T, = GIO’ (2.1) 
where 


T, = resisting moment of unrestrained cross-section, kip- 
in. 

G = shear modulus of elasticity of steel, 11,200 ksi 

J = torsional constant for the cross-section, in.” 

6’ = angle of rotation per unit length, first derivative of 0 
with respect to z measured along the length of the 
member from the left support 


When the tendency for a cross-section to warp freely is 
prevented or restrained, longitudinal bending results. This 


bending is accompanied by shear stresses in the plane of the 
cross-section that resist the externally applied torsional mo- 
ment according to the following relationship: 


T,, =-EC,,0”” (2.2) 
where 


T, 


w 


= resisting moment due to restrained warping of the 
cross-section, kip-in, 

E = modulus of elasticity of steel, 29,000 ksi 

C,, = warping constant for the cross-section, in.’ 

6” = third derivative of 6 with respect to z 


The total torsional moment resisted by the cross-section is the 
sum of T, and T.. The first of these is always present; the 
second depends upon the resistance to warping. Denoting the 
total torsional resisting moment by T, the following expres- 
sion is obtained: 


T=GJ0' - EC,0”” (2.3) 


Rearranging, this may also be written as: 


T 6’ a 
he la (2.4) 
Go 


+> 

(a) doubly symmetric (b) singly symmetric (c) unsymmetric 
shapes, shear center shapes shapes 
and centroid coincide 


+ centroid » shear center 


Figure 2.1. 


1 An exception to this occurs in cross-sections composed of plate elements having centerlines that intersect at a common point such as a structural tee. For such cross-sections, 


Wns = Sws= Cv =a=0. 
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where 


EC, ° 
a (2.5) 


a= 


2.3 Avoiding and Minimizing Torsion 

The commonly used structural shapes offer relatively poor 
resistance to torsion. Hence, it is best to avoid torsion by 
detailing the loads and reactions to act through the shear 
center of the member. However, in some instances, this may 
not always be possible. AISC (1994) offers several sugges- 
tions for eliminating torsion; see pages 2-40 through 2-42. For 
example, rigid facade elements spanning between floors (the 
weight of which would otherwise induce torsional loading of 
the spandrel girder) may be designed to transfer lateral forces 
into the floor diaphragms and resist the eccentric effect as 
illustrated in Figure 2.3. Note that many systems may be too 
flexible for this assumption. Partial facade panels that do not 
extend from floor diaphragm to floor diaphragm may be 
designed with diagonal steel "kickers," as shown in Figure 
2.4, to provide the lateral forces. In either case, this eliminates 
torsional loading of the spandrel beam or girder. Also, tor- 
sional bracing may be provided at eccentric load points to 
reduce or eliminate the torsional effect; refer to Salmon and 
Johnson (1990). 

When torsion must be resisted by the member directly, its 
effect may be reduced through consideration of intermediate 
torsional support provided by secondary framing. For exam- 
ple, the rotation of the spandrel girder cannot exceed the total 
end rotation of the beam and connection being supported. 
Therefore, a reduced torque may be calculated by evaluating 
the torsional stiffness of the member subjected to torsion 
relative to the rotational stiffness of the loading system. The 
bending stiffness of the restraining member depends upon its 
end conditions; the torsional stiffness k of the member under 
consideration (illustrated in Figure 2.5) is: 


Rotated Cross Section 


Warped Section 


Figure 2.2. 


(2.6) 


where 


T = torque 
6 = the angle of rotation, measured in radians. 


A fully restrained (FR) moment connection between the 
framing beam and spandrel girder maximizes the torsional 
restraint. Alternatively, additional intermediate torsional sup- 
ports may be provided to reduce the span over which the 
torsion acts and thereby reduce the torsional effect. 

As another example, consider the beam supporting a wall 
and slab illustrated in Figure 2.6; calculations for a similar 
case may be found in Johnston (1982). Assume that the beam 
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alone resists the torsional moment and the maximum rotation 
of the beam due to the weight of the wall is 0.01 radians. 
Without temporary shoring, the top of the wall would deflect 
laterally by nearly ‘/,-in. (72 in. x 0.01 rad.). The additional 
load due to the slab would significantly increase this lateral 
deflection. One solution to this problem is to make the beam 
and wall integral with reinforcing steel welded to the top 
flange of the beam. In addition to appreciably increasing the 
torsional rigidity of the system, the wall, because of its 
bending stiffness, would absorb nearly all of the torsional 
load. To prevent twist during construction, the steel beam 
would have to be shored until the floor slab is in place. 


Figure 2.5. 


2.4 Selection of Shapes for Torsional Loading 


In general, the torsional performance of closed cross-sections 
is superior to that for open cross-sections. Circular closed 
shapes, such as round HSS and steel pipe, are most efficient 
for resisting torsional loading. Other closed shapes, such as 
square and rectangular HSS, also provide considerably better 
resistance to torsion than open shapes, such as W-shapes and 
channels. When open shapes must be used, their torsional 
resistance may be increased by creating a box shape, e.g., by 
welding one or two side plates between the flanges of a 
W-shape for a portion of its length. 


—-l gile-— 
| @ Wall 
| 
¢ Beam 


Figure 2.6. 
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Chapter 3 


GENERAL TORSIONAL THEORY 


A complete discussion of torsional theory is beyond the scope 
of this publication. The brief discussion that follows is in- 
tended primarily to define the method of analysis used in this 
book. More detailed coverage of torsional theory and other 
topics is available in the references given. 


3.1 Torsional Response 


From Section 2.2, the total torsional resistance provided by a 
structural shape is the sum of that due to pure torsion and that 
due to restrained warping. Thus, for a constant torque T along 
the length of the member: 


T=GJ0 — EC,,0’” (3.1) 
where 


G =shear modulus of elasticity of steel, 11,200 ksi 
J = torsional constant of cross-section, in.” 

£ =modulus of elasticity of steel, 29,000 ksi 

C,, = warping constant of cross-section, in. 


For a uniformly distributed torque t: 
t= EC,0”” — GJ0” (3.2) 
For a linearly varying torque ¢ x (z/1): 


Zz 


7 ECO” - GJ8" (3.3) 


where 


t = maximum applied torque at right support, kip-in./ft 
z = distance from left support, in. 
1 = span length, in. 


In the above equations, 6’, 0”, 6’, and @”” are the first, 
second, third, and fourth derivatives of 9 with respect to z and 
@ is the total angle of rotation about the Z-axis (longitudinal 
axis of member). For the derivation of these equations, see 
Appendix C.1. 


3.2 Torsional Properties 


Torsional properties J, a, C,,, W,,, and S,,, are necessary for the 
solution of the above equations and the equations for torsional 
stress presented in Chapter 4. Since these values are depend- 
ent only upon the geometry of the cross-section, they have 
been tabulated for common structural shapes in Appendix A 
as well as Part 1 of AISC (1994). For the derivation of 
torsional properties for various cross-sections, see Appendix 


C and Heins (1975). Values for Q; and Q,,, which are used to 
compute plane bending shear stresses in the flange and edge 
of the web, are also included in the tables for all relevant 
shapes except Z-shapes. 

The terms J, a, and C,, are properties of the entire cross- 
section. The terms W, and S,, vary at different points on the 
cross-section as illustrated in Appendix A. The tables give all 
values of these terms necessary to determine the maximum 
values of the combined stress. 


3.2.1 Torsional Constant J 


The torsional constant J for solid round and flat bars, square, 
rectangular and round HSS, and steel pipe is summarized in 
Table 3.1. For open cross-sections, the following equation 
may be used (more accurate equations are given for selected 
shapes in Appendix C.3): 


J= ("| (3.4) 
3 
where 


b = length of each cross-sectional element, in. 
t = thickness of each cross-sectional element, in. 


3.2.2. Other Torsional Properties for Open Cross-Sections? 


For rolled and built-up I-shapes, the following equations may 
be used (fillets are generally neglected): 


es a (3.5) 
a=4 a 2 = (3.6) 
w,, =r G.7) 

4 
s, = Mabe _ Mi G8) 
9,- Hr) 3.9) 
i at + ha i (3.10) 


where 


2 For shapes with sloping-sided flanges, sloping flange elements are simplified into rectangular elements of thickness equal to the average thickness of the flange. 
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Table 3.1 
Torsional Constants J 


Solid Cross-Sections 


J=1b?; 2 > 10 


b 
|" 
aie 
te te _ 2titeb?h? 


b 
= ;721 
bb+ht't 


Note: tabulated values for HSS in Appendix A differ slightly because the 
effect of corner radii has been considered. 


h=d-t, .11) 


For channels, the following equations may be used: 


EC, 
a= GI (3.12) 
uh 
W= 5 (3.13) 


Ej 
ad 
wht, 
Svot = 4 
_ hb't{b" ~ 2E,) 
w2 4 
E}’t, 
Sys = Syo “ 8 


Wb? t(b’ — 3E,) 
C, = A 6 zs + E‘l, 


. where, as illustrated in Figure 3.1: 


tb” t 
ee —=0,+% 
2b + 


h=d-4 


u=b'-E, 


For Z-shapes: 


_ Ab efht, + b'ty 
(ht, + 2b'4P 
__ ty tb? 
@™ A(ht, + 2b’t) 


be Ey 
shear | 
center 
I* Co +— by 
Figure 3.1. 
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(3.14) 


(3.15) 


(3.16) 


(3.17) 


(3.18) 


(3.19) 


(3.20) 
(3.21) 


(3.22) 


(3.23) 


(3.24) 


(3.25) 


(3.26) 


(3.27) 


_t h? b? | b't,+ 2ht, (3.28) 
“12 | ht, + 2b’t, 


where, as illustrated in Figure 3.2: 


h=d-t, (3.29) 
, t 

b’ =b- > (3.30) 
2 

u=b'-w’ (3.31) 
,_ oy 


v= fi, + Dy (3.32) 
For single-angles and structural tees, J may be calculated 
using Equation 3.4, excluding fillets. For more accurate equa- 
tions including fillets, see El Darwish and Johnston (1965). 
Since pure torsional shear stresses will generally dominate 
over warping stresses, stresses due to warping are usually 
neglected in single angles (see Section 4.2) and structural tees 
(see Section 4.3); equations for other torsional properties 
have not been included. Since the centerlines of each element 
of the cross-section intersect at the shear center, the general 
solution of Appendix C3.1 would yield W,, = S,,= C, =a= 
0. A value of a (and therefore C,,) is required, however, to 
determine the angle of rotation using the charts of Appen- 
dix B. 


(3.33) 


For single angles, the following formulas (Bleich, 1952) may 
be used to determine C.,: 


p 
C,= 36h +h3) (3.34) 
where h, and h, are the centerline leg dimensions (overall leg 


dimension minus half the angle thickness ¢ for each leg). For 
structural tees: 


fb) Bh 
oe vm + 36 (3.35) 
where 
— b' — 


Figure 3.2, 


h=d-Z (3.36) 


3.3. Torsional Functions 


In addition to the torsional properties given in Section 3.2 
above, the torsional rotation 0 and its derivatives are neces- 
sary for the solution of equations 3.1, 3.2, and 3.3. In Appen- 
dix B, these equations have been evaluated for twelve com- 
mon combinations of end condition (fixed, pinned, and free) 
and load type. Members are assumed to be prismatic. The 
idealized fixed, pinned, and free torsional end conditions, for 
which practical examples are illustrated in Figure 3.3, are 
defined in Appendix C.2. 

The solutions give the rotational response 8 and derivatives 
along the span corresponding to different values of //a, the 
ratio of the member span length / to the torsional property a 
of its cross-section. The functions given are non-dimensional, 
that is, each term is multiplied by a factor that is dependent 
upon the torsional properties of the member and the magni- 
tude of the applied torsional moment. 

For each case, there are four graphs providing values of 9, 
0’, 6”, and 6’”, Each graph shows the value of the torsional 
functions (vertical scale) plotted against the fraction of the 
span length (horizontal scale) from the left support. Some of 
the curves have been plotted as a dotted line for ease of 
reading. The resulting equations for each of these cases are 
given in Appendix C.4. 


fia Support 


8=0,0'=0 
Idealized Idealized 
Schematic Representation Schematic Representation 


< A 
A 
yt 
Approximate Approximate 
Structural Connection Section A-A Structural Connection 


(a) Torsionally Fred End (b) Torsionally Pinned End 


Figure 3.3. 
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Chapter 4 
ANALYSIS FOR TORSION 


In this chapter, the determination of torsional stresses and 
their combination with stresses due to bending and axial load 
is covered for both open and closed cross-sections. The AISC 
Specification provisions for the design of members subjected 
to torsion and serviceability considerations for torsional rota- 
tion are discussed. 


4.1 Torsional Stresses on I-, C-, and Z-shaped Open 
Cross-Sections 


Shapes of open cross-section tend to warp under torsional 
loading. If this warping is unrestrained, only pure torsional 
stresses are present. However, when warping is restrained, 
additional direct shear stresses as well as longitudinal stresses 
due to warping must also be considered. Pure torsional shear 
stresses, shear stresses due to warping, and normal stresses 
due to warping are each related to the derivatives of the 
rotational function 8. Thus, when the derivatives of 8 are 
determined along the girder length, the corresponding stress 
conditions can be evaluated. The calculation of these stresses 
is described in the following sections. 


4.1.1 Pure Torsional Shear Stresses 


These shear stresses are always present on the cross-section 
of a member subjected to a torsional moment and provide the 
resisting moment 7, as described in Section 2.2. These are 
in-plane shear stresses that vary linearly across the thickness 
of an element of the cross-section and act in a direction 
parallel to the edge of the element. They are maximum and 
equal, but of opposite direction, at the two edges. The maxi- 
mum stress is determined by the equation: 


1, = Gtd’ (4.1) 


where 


T, = pure torsional shear stress at element edge, ksi 

G = shear modulus of elasticity of steel, 11,200 ksi 

t = thickness of element, in. 

6’ =rate of change of angle of rotation 9, first derivative 
of @ with respect to z (measured along longitudinal 
axis of member) 


The pure torsional shear stresses will be largest in the thickest 
elements of the cross-section. These stress states are illus- 
trated in Figures 4. 1b, 4.2b, and 4.3b for I-shapes, channels, 
and Z-shapes. 


Il 


4.1.2 Shear Stresses Due to Warping 


When a member is allowed to warp freely, these shear stresses 
will not develop. When warping is restrained, these are in- 
plane shear stresses that are constant across the thickness of 
an element of the cross-section, but vary in magnitude along 
the length of the element. They act in a direction parallel to 
the edge of the element. The magnitude of these stresses is 
determined by the equation: 


GENERAL ORIENTATION FIGURE 


« Location of Shear Center 
t= Gte' 
(a) Positive Angle of Rotation (b) Shear Stress Due to Pure Torsion 
Tot 


Tod 


(c) Shear Stress Due to Warping 


(d) Normal Stress Due to Warping 


Figure 4.1. 


© 2003 by American Institute of Steel Construction, Inc. All rights reserved. 
This publication or any part thereof must not be reproduced in any form without permission of the publisher. 


(4-2a) 


where 


t,; = Shear stress at point s due to warping, ksi 

E = modulus of elasticity of steel, 29,000 ksi 

S,; = Warping statical moment at point s (see Appendix A), 
ae 
in. 

t  =thickness of element, in. 

0” = third derivative of 6 with respect to z 


These stress states are illustrated in Figures 4.1c, 4.2c, and 
4.3c for I-shapes, channels, and Z-shapes. Numerical sub- 
scripts are added to represent points of the cross-section as 
illustrated. 


4.1.3 Normal Stresses Due to Warping 


When a member is allowed to warp freely, these normal 
stresses will not develop. When warping is restrained, these 
are direct stresses (tensile and compressive) resulting from 
bending of the element due to torsion. They act perpendicular 
to the surface of the cross-section and are constant across the 
thickness of an element of the cross-section but vary in 
magnitude along the length of the element. The magnitude of 
these stresses is determined by the equation: 


6,, = EW,,0” (4.3a) 


where 


6,,; = normal stress at point s due to warping, ksi 

E = modulus of elasticity of steel, 29,000 ksi 

W,,; = normalized warping function at point s (see Appen- 
dix A), in.” 

6” =second derivative of 8 with respect to z 


These stress states are illustrated in Figures 4.1d, 4.2d, and 
4.3d for I-shapes, channels, and Z-shapes. Numerical sub- 
scripts are added to represent points of the cross-section as 
illustrated. 


4.1.4 Approximate Shear and Normal Stresses Due to 
Warping on I-Shapes 


The shear and normal stresses due to warping may be approxi- 
mated for short-span I-shapes by resolving the torsional mo- 
ment Tinto an equivalent force couple acting at the flanges 
as illustrated in Figure 4.4. Each flange is then analyzed as a 
beam subjected to this force. The shear stress at the center of 
the flange is approximated as: 


L5Y 
tT, = 
bf; 
where ¥ is the value of the shear in the flange at any point 


along the length. The normal stress at the tips of the flange is 
approximated as: 


(4.2b) 
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re 4.3b 
where 
2 
S, = 6 
M, = bending moment on the flange at any point along the 
length. 


4.2 Torsional Stress on Single-Angles 


Single-angles tend to warp under torsional loading. If this 
warping is unrestrained, only pure torsional shear stresses 
develop. However, when warping is restrained, additional 
direct shear stresses as well as longitudinal stress due to 
warping are present. 

Pure torsional shear stress may be calculated using Equa- 
tion 4.1. Gjelsvik (1981) identified that the shear stresses due 
to warping are of two kinds: in-plane shear stresses, which 
vary from zero at the toe to a maximum at the heel of the 
angle; and secondary shear stresses, which vary from zero at 
the heel to a maximum at the toe of the angle. These stresses 
are illustrated in Figure 4.5. 

Warping strengths of single-angles are, in general, rela- 
tively small. Using typical angle dimensions, it can be shown 
that the two shear stresses due to warping are of approxi- 
mately the same order of magnitude, but represent less than 
20 percent of the pure torsional shear stress (AISC, 1993p). 
When all the shear stresses are added, the resultis amaximum 
surface shear stress near mid-length of the angle leg. Since 
this is a local maximum that does not extend through the 
thickness of the angle, it is sufficient to ignore the shear 
stresses due to warping. Similarly, normal stresses due to 
warping are considered to be negligible. 

For the design of shelf angles, refer to Tide and Krogstad 
(1993). 


43 Torsional Stress on Structural Tees 


Structural tees tend to warp under torsional loading. If this 
warping is unrestrained, only pure torsional shear stresses 
develop. However, when warping is restrained, additional 
direct shear stresses as well as longitudinal or normal stress 
due to warping are present. Pure torsional shear stress may be 
calculated using Equation 4.1. Warping stresses of structural 
tees are, in general, relatively small. Using typical tee dimen- 
sions, it can be shown that the shear and normal stresses due 
to warping are negligible. 


4.4 Torsional Stress on Closed and Solid 
Cross-Sections 


Torsion on a circular shape (hollow or solid) is resisted by 
shear stresses in the cross-section that vary directly with 
distance from the centroid. The cross-section remains plane 
as it twists (without warping) and torsional loading develops 
pure torsional stresses only. While non-circular closed cross- 
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Table 4.1 
Shear Stress Due to St. Venant's Torsion 


Solid Cross-Sections 


Use appropriate J from Table 3.1 


Closed Cross-Sections 


|_te __Ty 
t= Dont 


(t= t or by 2210 


sections tend to warp under torsional loading, this warping is 
minimized since longitudinal shear prevents relative dis- 
placement of adjacent plate elements as illustrated in Fig- 
ure 4.6. 

The analysis and design of thin-walled (b/t = 10) closed 
cross-sections for torsion is simplified with the assumption 
that the torque is absorbed by shear forces that are uniformly 
distributed over the thickness of the element (Siev, 1966). The 
general torsional response can be determined from Equation 
3.1 with the warping term neglected. For a constant torsional 
moment T the shear stress t, may be calculated as: 


13 


where 


A, = area enclosed by shape, measured to centerline of 
thickness of bounding elements as illustrated in Fig- 
ure 4.7, in.” 

t = thickness of bounding element, in. 


For solid round and flat bars, square, rectangular and round 
HSS and steel pipe, the torsional shear stress may be calcu- 
lated using the equations given in Table 4.1. Note that the 
equation for the hollow circular cross-section in Table 4.1 is 
not in a form based upon Equation 4.4 and is valid for any 
wall thickness. 


4.5 Elastic Stresses Due to Bending and Axial Load 


In addition to the torsional stresses, bending and shear stresses 
(6, and %,, respectively) due to plane bending are normally 
present in the structural member. These stresses are deter- 
mined by the following equations: 


0, = x (4.5) 
_ va 
Gas (4.6) 


where 


6, =normal stress due to bending about either the x or y 
axis, ksi 

M = bending moment about either the x or y axis, kip-in. 

S =elastic section modulus, in.’ 

t = Shear stress due to applied shear in either x or y 
direction, ksi 

V_ = shear in either x or y direction, kips 

Q =(Q,for the maximum shear stress in the flange 

= Q,, for the maximum shear stress in the web. 
I =moment of inertia J, or J, in.’ 
t = thickness of element, in. 


The value of t, computed using Q, from Appendix A is the 
theoretical value at the center of the flange. It is within the 
accuracy of the method presented herein to combine this 
theoretical value with the torsional shearing stress calculated 
for the point at the intersection of the web and flange center- 
lines. 

Figure 4.8 illustrates the distribution of these stresses, 
shown for the case of a moment causing bending about the 
major axis of the cross-section and shear acting along the 
minor axis of the cross-section. The stress distribution in the 
Z-shape is somewhat complicated because the major axis is 
not parallel to the flanges. 

Axial stress 6, may also be present due to an axial load P. 
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This stress may be tensile or compressive and is determined 
by the following equation: 


(4.7) 


a 
I 
>| 


where 


©, = normal stress due to axial load, ksi 
P =axial load, kips 
A =area, in, 


4.6 Combining Torsional Stresses With Other Stresses 


4.6.1 Open Cross-Sections 


To determine the total stress condition, the stresses due to 
torsion are combined algebraically with all other stresses 
using the principles of superposition. The total normal stress 


f,is: 


f,=9,+6,, £6, +6, (4.8a) 
and the total shear stress f, is: 
A=aT+t +44, (4.9a) 


As previously mentioned, the terms 6,, and T,, may be taken 
as zero in the following cases: 


+ Location of Shear Center 


: t= Gte' 
(a) Positive Angle of Rotation (b) Shear Stress Due to Pure Torsion 
Tot 
too LJ Owd Ow2 
Le Te2 . oe 
ae C ~_F02 
tt 
tm 
WW a ag Tes= - E S48 g" C compression 
ht t T tension 
tm 
Ht Fao nae 
—— =| Tw2 T = 
a Sw2 
Tot Cas= EW 4" 
(c) Shear Stress Due to Warping (d) Normal Stress Due to Warping 


Figure 4.2. 
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1. members for which warping is unrestrained 
2. single-angle members 
3. structural tee members 


In the foregoing, it is imperative that the direction of the 
stresses be carefully observed. The positive direction of the 
torsional stresses as used in the sign convention presented 
hereinisindicatedin Figures 4.1, 4.2, and 4.3. Inthe sketches 
accompanying each figure, the stresses are shown acting on 
a cross-section of the member located at distance z from the 
left support and viewed in the direction indicated in Figure 
4.1. In all of the sketches, the applied torsional moment acts 
at some arbitrary point along the member in the direction 
indicated. In the sketches of Figure 4.8, the moment acts about 
the major axis of the cross-section and causes compression in 
the top flange. The applied shear is assumed to act vertically 
downward along the minor axis of the cross-section. 

For I-shapes, 6,, and 6, are both at their maximum values 
at the edges of the flanges as shown in Figures 4.1 and 4.8. 
Likewise, there are always two flange tips where these 
stresses add regardless of the directions of the applied tor- 
sional moment and bending moment. Also for I-shapes, the 
maximum values of t,, T,, and %, in the flanges will always 
add at some point regardless of the directions of the applied 
torsional moment and vertical shear to give the maximum 


8 
i 
\ 
\ * Location of Shear Center 
: t= Gte' 
(a) Positive Angle of Rotation {b) Shear Stress Due to Pure Torsion 
Tol 
To) Tw2 


Tod 


(C) Shear Stress Due to Warping 


(d) Normal Stress Due to Warping 


Figure 4.3. 
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shear stress in the flange. For the web, the maximum value of 
t, adds to the value of t,in the web, regardless of the direction 
of loading, to give the maximum shear stress in the web. Thus, 
for I-shapes, Equations 4.8a and 4.9a may be simplified as 
follows: 


fy = Gq £ (Gy, + Gry + Gy) (4.8b) 
f=Txt ty tT +t, (4.9b) 


For channels and Z-shapes, generalized rules cannot be given 
for the determination of the magnitude of the maximum 
combined stress. For shapes such as these, it is necessary to 
consider the directions of the applied loading and to check the 
combined stresses at several locations in both the flange and 
the web. 

Determining the maximum values of the combined stresses 
for all types of shapes is somewhat cumbersome because the 
stresses 7,, T,, 6,» G,, and t, are not all at their maximum 
values at the same transverse cross-section along the length 
of the member. Therefore, in many cases, the stresses should 
be checked at several locations along the member. 


4.6.2 Closed Cross-Sections 


For closed cross-sections, stresses due to warping are either 
not induced’ or negligible. Torsional loading does, however, 
cause shear stress, and the total shear stress f, is: 


T 
fo Le h 
T - 4 h 
Zip T 
T 
in 
Beam Flange 


A > 
2 
+ al 


| 
nolm 
noim 
lo 


NO 
=z 
NO 
a 


alt 
| ) wed 
al at 
2h 2h 

Figure 4.4. 


f= Ur t+ Uy + % (4.10) 


In the above equation, 


(4.11) 


|< 


where 


A, = total web area for square and rectangular HSS and 
half the cross-sectional area for round HSS and steel 


pipe. 
4.7 Specification Provisions 
4.7.1 Load and Resistance Factor Design (LRFD) 


In the following, the subscript u denotes factored loads. 
LRED Specification Section H2 provides general criteria for 
members subjected to torsion and torsion combined with 
other forces. Second-order amplification (P-delta) effects, if 
any, are presumed to already be included in the elastic analy- 
sis from which the calculated stresses (fins fy» Sar Spe Sys Ts 
T,, and 7,,) were determined. 
For the limit state of yielding under normal stress: 


nS OF (4.12) 
For the limit state of yielding under shear stress: 
fu S$ 00.6F, (4.13) 
For the limit state of buckling: 
Fun = OFer (4.14) 
or 
fr S Ey (4.15) 


as appropriate. In the above equations, 


F, =yield strength of steel, ksi 
F, = critical buckling stress in either compression (LRFD 


m € 


(a) shear stresses due to b) in-plane shear (c) secondary shear 
pure torsion las due to stresses due to 
warping warping 
Figure 4.5. 


3 For a circular shape or for a non-circular shape for which warping is unrestrained, warping does not occur, i.e., Gw and ty are equal to zero. 
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Specification Chapter E) or shear (LRFD Specifica- 
tion Section F2), ksi 

 =0.90 

, = 0.85 


When it is unclear whether the dominant limit state is yield- 
ing, buckling, or stability, in a member subjected to combined 
forces, the above provisions may be too simplistic. Therefore, 
the following interaction equations may be useful to conser- 
vatively combine the above checks of normal stress for the 
limit states of yielding (Equation 4.12) and buckling (Equa- 
tion 4.14). When second order effects, if any, are considered 
in the determination of the normal stresses: 


(4.16a) 


If second order effects occur but are not considered in deter- 
mining the normal stresses, the following equation must be 
used: 


Go, On, Oby + 
0855," (_P. Pe 
fa [Boe 
oa w _<19 (4.16b) 
[ -- 0.9K 
: 


. No relative displacement 


along longitudinal line 


(a) hollow section 


= T 


along longitudinal line 


(b) slotted hollow section 


Figure 4.6. 
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In the above equations, 


E 


cr 


= compressive critical stress for flexural or flexural-tor- 
sional member buckling from LRFD Specification 
Chapter E (o, term), ksi; critical flexural stress con- 
trolled by yielding, lateral-torsional buckling (LTB), 
web local buckling (WLB), or flange local buckling 
(FLB) from LRFD Specification Chapter F (6,, term) 

P, = factored axial force in the member (kips) 

P, =elastic (Euler) buckling load. 


Shear stresses due to combined torsion and flexure may be 
checked for the limit state of yielding as in Equation 4.13. 
Note that a shear buckling limit state for torsion (Equation 
4.15) has not yet been defined. 

For single-angle members, see AISC (1993b). A more 
advanced analysis and/or special design precautions are sug- 
gested for slender open cross-sections subjected to torsion. 


4.7.2 Allowable Stress Design (ASD) 


Although not explicitly covered in the ASD Specification, the 
design for the combination of torsional and other stresses in 
ASD can proceed essentially similarly to that in LRFD, 
except that service loads are used in place of factored loads. 
In the absence of allowable stress provisions for the design of 
members subjected to torsion and torsion combined with 
other forces, the following provisions, which parallel the 
LRFED Specification provisions above, are recommended. 
Second-order amplification (P-delta) effects, if any, are pre- 
sumed to already be included in the elastic analysis from 
which the calculated stresses (f,, fj, Sas Ops Oy» Ts T, and T,) 
were determined. 
For the limit state of yielding under normal stress: 


Sf, £ 0.6F, (4.17) 
For the limit state of yielding under shear stress: 
ff, 0.4F (4.18) 


Ao 


(a) circular shape (b) square or 


rectangular shape 


Figure 4.7. 
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For the limit state of buckling: 
fick or fishy (4.19) 
or 
fs (4.20) 


as appropriate. In the above equations, 
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F, =yield strength of steel, ksi 

F, =allowable buckling stress in compression (ASD 
Specification Chapter E), ksi 

F,, = allowable bending stress (ASD Specification Chap- 
ter F), ksi 

F =allowable buckling stress in shear (ASD Specifica- 

tion Section F4), ksi 


When it is unclear whether the dominant limit state is yield- 
ing, buckling, or stability, ina member subjected to combined 
forces, the above provisions may be too simplistic. Therefore, 
the following interaction equations may be useful to conser- 
vatively combine the above checks of normal stress for the 
limit states of yielding (Equation 4.17) and buckling (Equa- 
tion 4.19). When second order effects, if any, are considered 
in determining the normal stresses: 


Op, # Ory + Oy 


a+ 
“K, 0.65, 0.6F 


< 1.0 (4.21a) 


m2 


If second order effects occur but are not considered in deter- 
mining the normal stresses, the following equation must be 
used: 


GO, O,. OG, 
E*t7— ¢\0*77 FLO 
* |1-=4 1K, |1-—> [0.68 
Fy Ey 
ae ae < 1.0 (4.21b) 
1 -=* |0.6F, 
ey 
In the above equations, 
F, = allowable axial stress (ASD Specification Chapter 


E),ksi 

F,, = allowable bending stress controlled by yielding, 
lateral-torsional buckling (LTB), web local buck- 
ling (WLB), or flange local buckling (FLB) from 
ASD Specification Chapter F, ksi 

Ff, = axial stress in the member, ksi 

F’ =elastic (Euler) stress divided by factor of safety (see 
ASD Specification Section H1). 


Shear stresses due to combined torsion and flexure may be 
checked for the limit state of yielding as in Equation 4.18. As 
with LRFD Specification provisions, a shear buckling limit 
state for torsion has not yet been defined. 


For single-angle members, see AISC (1989b). A more 
advanced analysis and/or special design precautions are sug- 
gested for slender open cross-sections subjected to torsion. 


4.7.3 Effect of Lateral Restraint at Load Point 


Chu and Johnson (1974) showed that for an unbraced beam 
subjected to both flexure and torsion, the stress due to warping 
is magnified for a W-shape as its lateral-torsional buckling 
strength is approached; this is analogous to beam-column 
behavior. Thus, if lateral displacement or twist is not re- 
strained at the load point, the secondary effects of lateral 
bending and warping restraint stresses may become signifi- 
cant and the following additional requirement is also conser- 
vatively suggested. 

For the LRFD Specification provisions of Section 4.7.1, 
amplify the minor-axis bending stress 6,, and the warping 
normal stress o,, by the factor 


FF ée 
es (4.22) 


where OF,’ is the elastic LTB stress (ksi), which can be derived 
for W-shapes from LRFD Specification Equation Fl-13. For 
the ASD Specification provisions of Section 4.7.2, amplify 
the minor-axis bending stress 6,, and the warping normal 
stress 6,, by the factor 


a Sp 
“TT ai 
Sb Obs a ~ 
SE | a | 
Ob Ob 
M 


fo) Bencing Sttersee Bus #2 Beam ASIN Op == 


Tb Flange Tb Flange 
panel ee ao 2 Th Flange 
_ S\ 
ef A 
_ | 
t i aes ~ 
Tp Flange Tb Flange Tp Flange aE 


(b) Shear Stresses Due to Beam Action tp= 4 


Figure 4.8. 
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E é 
Ea (4.23) 
Ky ~ 0; 
where Fy is the elastic LTB stress (ksi), given for W-shapes, 
by the larger of ASD Specification Equations F1-7 and F1-8. 


4.8 Torsional Serviceability Criteria 


In addition to the strength provisions of Section 4.7, members 
subjected to torsion must be checked for torsional rotation 9. 
The appropriate serviceability limitation varies; the rotation 
limit for a member supporting an exterior masonry wall may 
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differ from that for a member supporting a curtain-wall sys- 
tem. Therefore, the rotation limit must be selected based upon 
the requirements of the intended application. 

Whether the design check was determined with factored 
loads and LRFD Specification provisions, or service loads 
and ASD Specification provisions, the serviceability check of 
8 should be made at service load levels (i.e., against Unfac- 
tored torsional moment).The design aids of Appendix B as 
well as the general equations in Appendix C are required for 
the determination of 8. 
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Chapter 5 
DESIGN EXAMPLES 


Example 5.1 


As illustrated in Figure 5.1a, a W10x49 spans 15 ft (180 in.) 
and supports a 15-kip factored load (10-kip service load) at 
midspan that acts at a 6 in. eccentricity with respect to the 
shear center. Determine the stresses on the cross-section and 
the torsional rotation. 


Given: 


The end conditions are assumed to be flexurally and torsion- 
ally pinned. The eccentric load can be resolved into a torsional 
moment and a load applied through the shear center as shown 
in Figure 5.1b. The resulting flexural and torsional loadings 
are illustrated in Figure 5.1c. The torsional properties are as 
follows: 


J =1.39in4 
a =62.1in 
C,, = 2070 in.® 
W,, = 23.6 in? 
Sy. = 33.0 in’ 
Q, = 13.0in? 
Q,, = 30.2 in? 
The flexural properties are as follows: 
I, =272 in. 
5, = 54.6 in? 
t, = 0.560 in. 
t, = 0.340 in. 
Solution: 


Calculate Bending Stresses 


Pl 
4 


M, = 


_ (15 kips) (180 in.) 


(4.5) 


_ 675 kip-in. 
~~ 54.6 in? 


= 124 ksi (compression at top; tension at bottom) 


_ VQ, 
“Tt 


aw 


(4.6) 


Tow 


(7.5 kips) (30.2 in.’) 
~ (272 in.*) (0.340 in.) 


= 2.45 ksi 


mA’, 


Way (4.6) 


_ (7.5 kips) (13.0 in.?) 
~ (272 in.*) (0.560 in.) 


= 0.64 ksi 


For this loading, stresses are constant from the support to the 
load point. 


Pu= 15 kips ao 15 kips 
Les Pa 4 
ve 
LS wiox49 S 90 kipsn, 
Pf 
15' 
(a) (b) 
15 kips 
Y 
rho pes 
Flexure 
90 kip-in. 
> a < 
Torsion 
() 
Figure 5.1. 
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Calculate Torsional Stresses 
T= Fe 
= 15 kips x 6 in. 
= 90 kip-in. 


The following functions are taken from Appendix B, Case 3, 
with o = 0.5: 


At midspan (z// = 0.5) 


Ox Fx 7 = 40.09 9= +0094 

0x Fx a= 0.44 Q” =-0.44 a 

ox F=0 0’ =0 

0” Fi xa? = -0.50 Q” =-0.5 = 
At the support (z/1 = 0) 

Ox Fx 7=0 6=0 

ox xa=0 Q”=0 

Ox = 40.28 Q’ = +0.28 = 

Ox F xa =022 = 0.22 


In the above calculations (note that the applied torque is 
negative with the sign convention used in this book): 


a -90 kip-in. 
GJ ~ (11,200 ksi) (1.39 in.’) 


=—5.78 x 10° rad/in. 
The shear stress due to pure torsion is: 
t, = Gte! (4.1) 
At midspan, since 0’ = 0, t,= 0. At the support, for the web, 
t, = (11,200 ksi)(0.340 in.)(0.28 x —5.78 x 10° rad./in.) 
= -6.16 ksi 


and for the flange, 


T, = (11,200 ksi)(0.560 in.)(0.28 x -5.78 x 10° rad./in.) 
= -—10.2 ksi 

The shear stress due to warping is: 
7 -ES,,,0”” 


: (4.2a) 


w 


At midspan, 


(-29,000 ksi)(33.0 in“) (0.50)(—5.78 x 10°? radin.) 
t= 5 ; 
" 0.560 in. (62.1 in. 


= —1.28 ksi 
At the support, 


ove (-29,000 ksi)(33.0 in.*)| (-0.22)(—5.78 x 10° rad An.) 
“ 0.560 in. (62.1 in.) 


= —0.56 ksi 
The normal stress due to warping is: 
0, = EW,,0” (4.3a) 


At midspan, 


eS —3 
o., = (29,000 ksi(23.6 in| OO 5.78 x 10 =| 


(62.1 in) 
= 28.0 ksi 
At the support, since 6” = 0, o,, = 0 


Calculate Combined Stress 


Summarizing stresses due to flexure and torsion: 


428.0 +12.4|+40.4 


Location 


~1.28 +0.64|— 1.92 


Thus, as illustrated in Figure 5.2, it can be seen that the 
maximum normal stress occurs at midspan in the flange at the 
left side tips of the flanges when viewed toward the left 
support and the maximum shear stress occurs at the support 
in the middle of the flange. 


Calculate Maximum Rotation 


The maximum rotation occurs at midspan. The service-load 
torque is: 


T=Pe 
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= ~10 kips x 6 in. 
= ~60 kip-in. 
and the maximum rotation is: 
Tl 
6 = +0.09 GI 


_ 0.09(—60 kip-in.)(180 in.) 
~ (11,200 ksi)(1.39 in.*) 


= ~0.062 rad. 


Example 5.2 


Repeat Example 5.1 fora TS10x6x'4 (F = 50 ksi). Compare 
the magnitudes of the resulting stresses and rotation with 
those determined in Example 5.1. 


Given: 


S, =36.2in? 
J =187in# 


Solution: 
Calculate Bending Stresses 
From Example 5.1, 
M,, = 675 kip-in. 
VY = 755 kips 


(4.5) 


Tt =— (4.11) 
_ 7.5 kips 
2X 10in. x 4in 
= 0.75 ksi 
Calculate Torsional Stress 


From Example 5.1, 


T, = -90 kip-in. 
= fi 44 
cia? (4.4) 


- —90 kip-in. 
2(% in.)(9.5 in. x 5.5 in.) 


=~1.72 ksi 


Calculate Combined Stress 
Sw =Wt% (4.10) 
= +0.75 ksi — 1.72 ksi 
= —2.47 ksi 
Calculate Maximum Rotation 


From Example 5.1, 


T = —60 kip-in. 
9= (T/2)1/2) 
~ GJ 


_ (60 kip-in. /2)(180 in. /2) 
~ (11,200 ksi)(187 in“) 


= —0.0013 rad. 


Comparing the magnitudes of the maximum stresses and 
rotation for this HSS with those for the W-shape of Exam- 
ple 5.1: 


28.0 +28.0 
-12.4 -12.4 
—~40.4 +15.6 
(MAX COMP) 
+28.0 - 28.0 
+12.4 +124 
+40.4 -15.6 
(MAX TEN.) 
(a) Normal stresses due to bending and 
torsion at midspan. 
—+ -10.2 — 
+ —0,56-—- )-—+11.4 (MAX. FLANGE) 
—~ +0.64 -— 
— +0.64 -— 
0.56 +10.3 
— -10.2 — 


+8.61 |(-6.16{ 0 


(MAX. WEB) — 410.64 — 
0.56 -—+10.3 
—~-102-— 
~— 40.64 — 
— -0.56 -+11.4 —- (MAX. FLANGE) 
~— -102 — 
(b) Shear stresses due to bending and 
torsion at support 
Figure 5.2. 
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W10x49 TS10x6x', 
fn 40.4 ksi 18.7 ksi 
va 11.4 ksi 2.47 ksi 
6 0.062 rad. 0.0013 rad. 


Thus, stresses and rotation are significantly reduced in com- 
parable closed sections when torsion is a major factor. 


Example 5.3 


Repeat Example 5.1 assuming the concentrated force is intro- 
duced by a W6x9 column framed rigidly to the W10x49 beam 
as illustrated in Figure 5.3. Assume the column is 12 ft long 
with its top a pinned end and a floor diaphragm provides 
lateral restraint at the load point. Compare the magnitudes of 
the resulting stresses and rotation with those determined in 
Examples 5.1 and 5.2. 


Given: 

For the W10X49 beam: 
S, = 18.7 in4 

For the W6x9 column: 


A = 2.68 in.’ 

I, = 16.4 in 

r, = 2.47 in. 
Solution: 
In this example, the torsional restraint provided by the rigid 
connection joining the beam and column will be utilized. 


Determine Flexural Stiffness of Column 


M _3EI, 
6 i 
_ 3(29,000 ksi)(16.4 in.’) 


144 in. 


\ 


Figure 5.3. 
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= 9,910kip-in./rad. 
Determine Torsional Stiffness of Beam 


From Example 5.1, 


Tl 
9=0.09—7 
or 
TG 
@ 0.091 


_ (11,200 ksi)(1.39 in.*) 
~ — 0,09(180 in.) 


= 961 kip-in/rad. 


Determine Distribution ofMoment 


Relative 
Stiffn Stiffness 


ess 
961 


Beam 8.1 kip-in. 


Column 9,910 81.9 kip-in. 


Total 10,871 90.0 kip-in. 

Thus, the torsional moment on the beam has been reduced 
from 90 kip-in. to 8.1 kip-in. The column must be designed 
for an axial load of 15 kips plus an end-moment of 81.9 kip-in. 
The beam must be designed for the torsional moment of 8.1 
kip-in., the 15-kip force from the column axial load, and a 
lateral force P,, due to the horizontal reaction at the bottom of 


uy 


the column, where 


M, 
i 
81.9 kip-in. 
144 in. 
= 0.57 kips 


Calculate Bending Stresses 


From Example 5.1, 


6,, = 12.4 ksi 

Ty = 2.45 ksi 

Try = 0.64 ksi 

In the weak axis, 
= 0.57 kips (180 in.) 


4 
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= 25.6 kip-in. 


fy 


uy (4.5) 
_ 25.6 kip-in. 

~ "78.7 in? 

= 1.37 ksi 


fig 1S 


By = (4.2b) 


____ 0.57 kipsx 1.5 
~ 2(10.0 in. x 0.560 in.) 


= 0.076 ksi 
Calculate Torsional Stress 


Since the torsional moment has been reduced to 9 percent of 
that used in Example 5.1, the torsional stresses are also 
reduced to 9 percent of those calculated in Example 5.1. These 
stresses are summarized below. 


Calculate Combined Stress 


Summarizing stresses due to flexure and torsion 


Location 


Midspan 


web — _ 


Support 


Maximum 
Location 


Midspan flange 
web 


-0.92 -0.05 
-0.55 = 


+0.64 
42.45 _ 


Support flange 


web 


Maximum 


As before, the maximum normal stress occurs at midspan in 
the flange. In this case, however, the maximum shear stress 
occurs at the support in the web. 


Calculate Maximum Rotation 


Since the torsional moment has been reduced to 9 percent of 
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that used in Example 5.1, the maximum rotation, which 
occurs at midspan, is also reduced to 9 percent of that calcu- 
lated in Example 5.1 or: 


6 = -0.0056 rad. 


Comments 


Comparing the magnitudes of the stresses and rotation for this 
case with that of Example 5.1: 


W10x49 W10x49 
unrestrained restrained 
fn 40.4 ksi 16.3ksi 
Tw 11.4 ksi 3.00 ksi 
8 0.062 rad. 0.0056 rad. 
a 
Z s anne ae 
j 
56 
— J" 
cert | 
1e_| le 
(a) 
310 kips 420 Kips 
A |B c [bd E 
JS t 3 & 
La — 
agi 
() 
343 
| : 
TT. Vu (Kips) 
387 
34,830 
30,870 
all Ll My (kip-in.) 
1,030 
100 
i] TTT Ty (Kipsin.) 
1,160 
©) 
Figure 5.4. 
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Thus, consideration of available torsional restraint signifi- I he 
4 


cantly reduces the torsional stresses and rotation. Cy = (3.5) 
Example 5.4 _ (1,950 in.*)34 in.y 

The welded plate-girder shown in Figure 5.4a spans 25 ft (300 4 

in.) and supports 310-kip and 420-kip factored loads (210-kip = 564.000 in.® 


and 285-kip service loads). As illustrated in Figure 5.4b, these 
concentrated loads are acting at a 3-in. eccentricity with 
respect to the shear center. Determine the stresses on the a=—\/— (3.6) 
cross-section and the torsional rotation. 


Given: 
shee cadioandin dtobe fl ee ee _ 34 in. [29,000 ksi)(1,950 in.*) 
e end conditions are assumed to be rlexura y and torsion- 5 (11,200 ksi)(107 in’) 


ally pinned. 
Solution: Si: 
Calculate Cross-Sectional Properties W.,. = m (3.7) 
(18 in.)(36 in.)? (18 in.)(32in.)? (1 in.)(32 in.)? : ; 
= ae ee ee _ 34 in.)18 in.) 
~ 4 
= 23,600 in:* 
= 153 in? 
. hb} 
= t 
* Cc, = tt 
S, 16 (3.8) 
23,600 in.* : 
a 7a _ 34 in.)(18 in.)P°(2 in.) 
~ 16 
= 1,310 in? 
; ’ : = 1,380 in.’ 
_ 36in.)(18 in.’ (32 in)(8 in.) (32 in.)(1 in.) 
= 12 2060U”~Cté‘zS — lkbs~ tw) 39 
Q; 4 (3.9) 
= 1,950 in.* 
_ (34 in.)(2 in.)(18 in. — 1 in.) 
S= 4 = 4 
y G 
= 289 in? 
_ 1,950 in* v . 
9in. 0, = “ft C= (3.10) 
= 217 in.’ 
. . . . _ . 2 . 
Calculate Torsional Properties = Os me Mt) mS ne ae + eee) ae) i) 
J= she (3.4) = 740 in? 
; sigh : nee Calculate Bending Stresses 
(2x 18 in.\(2in.y (32 in.)(1 in.) 
. 3 + 3 By inspection, points D and E are most critical. At point D: 
~ 107 in’ a = (45) 
h=d-4, G.11) : 
_ 34,830 kip-in. 
= 36 in. — 2 in. ~~ 1,310in# 
= 34 in. = 26.6 ksi (compression at top; tension at bottom) 


At point E, o, = 0. 
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Between points D and E: 


V2. 
Tt, 


aw 


Tow a 


(4.6) 
_ 387 kips)(740 in?) 

~ (23,600 in.*)(1 in.) 

= 12.1 ksi 


VQ; 
a aes i 


_ (387 kips)(289 in?) 
~ (23,600 in.*)(2 in.) 


= 2.37 ksi 


(4.6) 


For this loading, shear stresses are constant from point D to 
point E. 


Calculate Torsional Stresses 
T,, = 310 kips x 3 in. 
= 930 kip-in. 
T,p = 420 kips X 3 in. 
= 1,260 kip-in. 


The effect of each torque at points D and E will be determined 
individually and then combined by superposition. 

Use Case 3 with &=0.3 (The effects of each load are added 
by superposition). 


1 300in. 
a 117 in. 
= 2.56 


Ts ___ +930 kip-in. 
GJ ~ (11,200 ksi)(107 in“) 


= +7.76 x 10% rad/in. 
Tp +1,260 kip-in. 


GJ (11,200 ksi)(107 in‘) 


= +1.05 x 10° rad./in. 
At point D (7 = 0.7 for Tz, 7 = 0.3 for Tp) 


6= +0.0457; Tal + 0.06002 
= +2.94 x 107 rad. 

an Tp 

) =a t Ae. 


=—4.14 x 10° rad./in? 


Q’ =~0.128 “ + 0.1022 


= —1.98 x 10% rad /in. 
Q = 40.17 ity + 40.60.5825 


= +5,57 x 10° radin.? 
At point E (7 = 1.0 for Tz, 7/1 = 0.0 for Zp): 
8=0 
6” =0 


Tp Tp 
0’ = = 0.1667 + 0.2567 


= —3,87 x 10% rad/in. 


Tp - 
GJ a GJa 


= +4.34 x 10° rad./in? 


0” = 


The shear stress due to pure torsion is calculated as: 
t, = G10’ (4.1) 


and the stresses are as follows: 


Flange (tf = 2 in.) 


The shear stress due to warping is calculated as: 


-ES,,0°”” 
wt 1 (4.2a) 
At point D, 
_ —(29,000 ksi)(1,380 in.*)(+5.57 x 10° radin.’) 
a (2 in.) 
=—1.11 ksi 
At point E, 
_ —(29,000 ksi)(1,380 in.*)(+4.34 x 10% rad /in.’) 
. (2 in.) 
= —0.87 ksi 


The normal stress due to warping is calculated as: 


6, = EW,,0” (4.3a) 
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At point D, 
6,, = (29,000 ksi)(153 in.”)(—4.14 x 10° rad./in.’) 
=-18.4ksi 
At point E, since 0” = 0, 6, = 0 


Calculate Combined Stress 


Summarizing stresses due to flexure and torsion: 


flange -18.4 +26.6 45.0 
web = _ = 


flange —4.47 1.11 t+ 2.37 — 7.95 
web 2.24 _ 412.1 -14.3 


flange -8.75 ~—0.87 + 2.37 -12.0 
web 4,37 — +12.1 -16.5 


Thus, it can be seen that the maximum normal stress occurs 
at point D in the flange and the maximum shear stress occurs 
at point E (the support) in the web. 


Calculate Maximum Rotation 


From Appendix B, Case 3 with a = 0.3, it is estimated that 
the maximum rotation will occur at approximately 14% feet 


3.6 kips/t 3.6 kips/t 
1.85" 
Wu = 3.6 Kipsit i . 
loos > 16.66 kip-inJtt 
poo, J 
L 12 @=CotX 
= 0.969 in. + 0.877 in. 
(@) = 1.85 in. 
(b) 
Wy = 3.6 kips{t 
LITT itty 0 12 
w/a /g 
Flexure 
3 
ty=666Kpinft |i _ 
j aay 
Torsion o f 2 
() () 
Figure 5.5. 


from the left end of the beam (point A). At this location, 
Zl = 0.58 for 7, and 2/[ = (1 — 0.58) = 0.42 for 7. 
The service-load torques are: 


T, = 210 kips x 3 in. 
= 630 kip-in. 
T, = 285 kips x 3 in. 
= 855 kip-in. 
The maximum rotation is: 


shige Bh conse! 
9 = +0.055 65 + 0.06507 


_ 0.055(630 kip-in.)(300 in.) 
~ (11,200 ksi)(107 in.’ 


0.065(855 kip-in.)(300 in.) 
(11,200 ksi)(107 in.*) 


= 0.023 rad. 


Example 5.5 


The MC18x42.7 channel illustrated in Figure 5.5a spans 12 
ft (144 in.) and supports a uniformly distributed factored load 
of 3.6 kips/ft (2.4 kips/ft service load) acting through the 
centroid of the channel. Determine the stresses on the cross- 
section and the torsional rotation, 


Given: 


The end conditions are assumed to be flexurally and torsion- 
ally fixed. The eccentric load can be resolved into a torsional 
moment and a load applied through the shear center as shown 
in Figure 5.5b. The resulting flexural and torsional loadings 
are illustrated in Figure 5.5c. The torsional properties are as 
follows: 


J =1.23 in’ 
a =42Ain 
C, = 852 in® 
W,, = 22.0 in? 
W, = 10.4 in? 
S,,; = 17.4 in? 
Sy. = 13.5 in." 
Sy; = 6.75 in.4 
e, = 0.969 in 
Q, = 19.7 in. 
Q, = 37.9 in? 
The flexural properties are as follows: 

I, = 554 in? 
S, = 61.6 in? 
i = 0.625 in. 
t, = 0.450 in. 
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Solution: 


From the graphs for Case 7 in Appendix B, the extreme values 
of the torsional functions are located at z/I values of 0, 0.2, 
0.5, and 1.0. Thus, the stresses at the supports (7/1 = 0 and 
“= 1.0), A = 0.2, andmidspan (z/ = 0.5) are of interest. 


Calculate Bending Stresses 


At the support: 


uy atl 
“12 


_ (3.6 kips /ft)(12 ft)°(12 in. / ft) 
~ 12 


= 518kip-in. 


Wi 


_ (3.6 kips /ft)(12 ft) 
~ 2 


= 21.6 kips 
=o (4.5) 


_ 518 kip-in. 
~ 61.6 in? 


= 8.41 ksi 
_ Qu 


Thy 


Thy (4.6) 


_ (21.6 kips)(37.9 in) 
~ (554 in#)(0.450 in.) 


= 3.28 ksi 


may 


= Ty (4.6) 


_ (21.6 kips)(19.7 in) 
~ (554 in’)(0.625 in.) 


= 1.23 ksi 
At midspan (7/1 = 0.5): 


uw ate 
“= 94 


_ (3.6 kips /ft)(12 ft)°(12 in. / ft) 
= 24 


= 259kip-in. 


Mi (4.5) 


aay 
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_ 259 kip-in. 
~ 61.6 in? 


= 4.20 ksi 
since V, = 0, T,, = T= 0. 
At / = 0.2: 


V=w, F - oat 


= 3.6 kips /ft [3 ~0.2(12 ) 


= 13.0 kips 


_ ve, 
~ Tt 


aw 


Tw (4.6) 


_ (13.0 kips)(37.9 in?) 
~ (554 in4)(0.450in.) 


= 1.98 ksi 


— uO; 


We (4.6) 


_ (13.0 kips)(19.7 in.) 
~ (554 in’)(0.625 in.) 


= 0.740 ksi 


Since M, is maximum at the support, its value at 2/1 = 0.2, as 
well as the value of 6, at 2/1 = 0.2, is not necessary. 


Calculate Torsional Stresses 
t,=w,e 
= (3.6 kips/ft)(1.85in.) 
= 6.66 kip-in./ft 
The following functions are taken from Appendix B, Case 7: 


144 in. 
42.4 in. 


= 3.40 
At the support (z// = 0): 


er 
t, al 


Z 
a 


@x 


os x 2a = +0.46 


0” x 
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At midspan (z/ = 0.5): 


GJ 2 tal 
@x 1, X77 10.15 8=+0.15567 
” GJ 2a _ an tl 
Q” x i, x i =—0.20 6 =—0.205-75 
ex Fy 229 @’=0 

t, 

2 
9” x GI, 2a 9 e” =0 
t, 1 
At 7 = 0.2 

GJ 2 tal 
6x 1, x7] 7 10.07 9=+0.07567 
pO, ae 

ty 1 
ec ee a 1,1 
Q’ x i x7 = +014 O= 40.1455, 


ptt, SIS | Lhh ver 1, 
0” x i, ay =-0.46 6 = 0.465572 


In the above calculations: 


td — (6.66 kip-in/ft)(12 ft) 
GJ © (11,200 ksi)(1.23 in4) 


= 5.80 x 10° rad./in. 
The shear stress due to pure torsion is: 
tT, = G10’ (4.1) 


At the support, and at midspan, since 0’ = 0,7,=0. At 2/1 = 0.2, 
for the web, 


0.14 x 5.80 x 102 a 


7, = (11,200 ksi)(0.450 inf 5} 


= 2.05 ksi 


and for the flange, 


0.14 x 5.80 x 10° an 


t, = (11,200 ksi)(0.625 inf 5 


= 2.84 ksi 


The shear stress at point s due to warping is: 


_ -ES,, 9” 


ws t 


(4.2a) 


(Refer to Figure 5.5d or Appendix A for locations of critical 
points s) 
At midspan, since @”” = 0, t, = 0. At the support, 


Tot = 


(0.625 in.) 2(42.4 in. 
= 1.30 ksi 
_ —(29,000 ksi)(13.5 in.*4)| -1.0 x 5.80 x 107 | 


—~(29,000 ksi)(17.4 in.*)| -1.0 x 5.80 x 107 fn 


tT 
i (0.625 in.) 2(42.4 in. 
= 1.01 ksi 
_ -(29,000 ksi)(6.75 in.“)] -1.0 x 5.80 x 10° a 


t 
= (0.450 in.) 2(42.4 in.) 
= 0.702 ksi 
Atv = 0.2, 
= 7t29,000 ksij(17.4 in.*)| -0.46 x 5.80 x 10° rad An. 
a“ (0.625 in.) 2(42.4 in. 
= 0.599 ksi 
= 729,000 ksi)(13.5 in.*)| -0.46 x 5.80 x 10° rad An. 
(0.625 in.) 2(42.4 in.) 
= 0.465 ksi 
a 229,000 ksi(6.75 in.*)| -0.46 x 5.80 x 10° rad An. 
i (0.450 in.) 2(42.4 in. 


= 0.323 ksi 
The normal stress at point s due to warping is: 
O,, = EW,,0” (4.3a) 
At the support, 


3 
6, = (29,000 ksi)(22.0 in) 0.46 x 5.80 x a rad An. 
2 x 42.4 in. 


= 20.1 ksi 


0.46 x 5.80 x 10° rad An. 
=H. 
oe Caan { 2x 42.4 in. ) 


= 9.49 ksi 
At midspan, 


—0.20 x 5.80 x 103 rad An. 
= . . 2 
G6,,. = (29,000 ksi)(22.0 in. { 2x 424 in ) 


= —8.73 ksi 


0.20 x 5.80 x 103 rad Ain. 
— . . 2 . 
6,9 = (29,000 ksi)(10.4 in. { Soa. 


= 4.13 ksi 
At 2/1 = 0.2, since 0” = 0, 6, = 0. 
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Calculate Combined Stress 


Summarizing stresses due to flexure and torsion: 


Support 0 20.1(C) 8.41(T) 11.7(C) 
1 0 8.41(T) 8.41(T) 
2 9.49(T) 8.41(T) 17.9(T) 
3 0 0 0 


0 8.73(T) 4.20(C) 4.53(T) 
1 0 4.20(C) 4.20(C) 
2 4.20(C) 8.33(C) 
3 0 


Ono 


17.9(T) 


Location Point 


Support 0 


Midspan 


Z/= 0.20 2845 0 
2.845 0599%- — 
2845 0.465— 0.7405 
2005/7 0.323. 1.981 


lel 


Maximum 


Thus, it can be seen that the maximum normal stress (tension) 
occurs at the support at point 2 in the the flange and the 
maximum shear stress occurs at 7/1 = 0.20 at point 3 in the 
web. 


Calculate Maximum Rotation 


The maximum rotation occurs at midspan. The service-load 
distributed torque is: 


t=we 


= 2.4 kips/ft x 1.85 in. 


= 4.44 kip-in./ft 
and the maximum rotation is: 
tal 
6 = 40.15 GI 


_ 0.15(4.44 kip-in /ft)(42.4 in.)(12 ft) 
2(11,200 ksi)(1.23 in.*) 


29 


= 0.012 rad. 


Example 5.6 

As illustrated in Figure 5.6a, a 3x3x% single angle is cantile- 
vered 2 ft (24 in.) and supports a 2-kip factored load (1.33-kip 
service load) at midspan that acts as shown with a 1.5-in. 
eccentricity with respect to the shear center. Determine the 
stresses on the cross-section, the torsional rotation, and if the 
member is adequate if F, = 50 ksi. 


Given: 


The end condition is assumed to be flexurally and torsionally 
fixed. The eccentric load can be resolved into a torsional 
moment and a load applied through the shear center as shown 
in Figure 5.6b. The resulting flexural and torsional loadings 
are illustrated in Figure 5.6c. The flexural and torsional 
properties are as follows: 


J = 0.234 in.* 
S, = 1.07 in? 
Solution: 
Check Flexure 
M, = Pl 
= 2 kips x 24 in. 
= 48 kip-in. 


Since the stresses due to warping of single-angle members are 
negligible, the flexural design strength will be checked ac- 
cording to the provisions of the AISC Specificationfor LRFD 
of Single Angle Members (AISC, 1993b). 


3 kip-in. 
(a) (bo) 
2 kips 
! 
Flexural 
3 kip-in. 
Torsional 
(©) 
Figure 5.6. 
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With the tip of the vertical angle leg in compression, local 
buckling and lateral torsional buckling must be checked. The 
following checks are made for bending about the geometric 
axes (Section 5.2.2). 

For local buckling (Section 5.1.1), 


_3 
b/t=o5 
iE 
=6<0.382\) 5 
-.M,, = 1.25M, 


M, = F,(0.805,) 
= 50 ksi (0.80 x 1.07 in.’ ) 
= 42.8 kip-in. 
oM,, = 0.9(1.25M,) 
= 0.9 (1.25 x 42.8 kip-in.) 


= 48.2 kip-in. 
For LTB, 
0.66Eb‘t 
My, =1.25 nose, 1+0.78 fe) } 


= 1.2 25629000 in n30.0 7 
(24 in.) 


(24 in. in.) ) _ 
[isan 


= 917 kip-in. 
Since M,, > M, 


| M 
oM, =0.9 [is — 0.83 M., Iu < 0.9(1.25M,) 


= _ 42.8 kip-in. ae 
0.9 [is 0.83 917 kip-in. (42.8 kip-in.) 
< 48.2 kip-in. 


= 54.0 kip-in. > 48.2 kip-in. 


30 


“0M, = 48.2 kip-in. > 48 kip-in. 0.k. 


Check Shear Due to Flexure and Torsion 


The shear stress due to flexure is, 


Baz 


1 


____2kips 
3 in. x % in. 


= 1.33 ksi 


Tt 
{=e 


Sy 


_ (3 kip-in.)(% in.) 
~~" 0.234 in? 


= 6.41 ksi 
The total shear stress is, 
Soy =T+% 
= 1.33 ksi + 6.41 ksi 
= 7.74 ksi 
From LRFD Single-Angle Specification Section 3, 
of, = 0.9(0.6F, ) 
= 0.9(0.6 x 50 ksi) 
= 27 ksi>7.74 ksi o.k. 
Calculate Maximum Rotation 


The maximum rotation will occur at the free end of the 
cantilever. The service-load torque is: 


T=Pe 
= 1.33 kips x 1.5 in. 
= 2.00 kip-in. 
and the maximum rotation is: 


Tl 
as 


__(2.00 kip-in.)(24 in.) 
~ (11,200 ksi)(0.234 in.‘ 


= 0.018 rad. 


Example 5.7 


The crane girder and loading illustrated in Figure 5.7 is taken 
from Example 18.1 of the AISC Design Guide Industrial 


© 2003 by American Institute of Steel Construction, Inc. All rights reserved. 
This publication or any part thereof must not be reproduced in any form without permission of the publisher. 


Buildings: Roofs to Column Anchorage (Fisher, 1993). Use 
the approximate approach of Section 4.1.4 to calculate the 
maximum normal stress on the combined section. Determine 
if the member is adequate if F, = 36 ksi. 


Given: 
For the strong-axis direction: 


M,,,= 679 kip-ft (strong-axis bending moment on com- 
bined section) 

S, = 268 in? 

S, = 436 in? 


Note that the subscripts / and 2 indicate that the section 
modulus is calculated relative to the bottom and top, respec- 
tively, of the combined shape. For the channel/top flange 
assembly: 


M,, = 38.9 kip-ft (weak-axis bending moment on top 
flange assembly) 
S, =50.3in.* 


Note that the subscript t indicates that the section modulus is 
calculated based upon the properties of the channel and top 
flange area only. 


Solution: 
Calculate Normal Stress Due to Strong-Axis Bending 
M 


ux 


O;, top = Se (4.5) 


_ 679 kip-ft(12 in At) 
~ 436 in? 


= 18.7 ksi 
M. 


ux 


Obx bottom = s, (4.5) 


_ 679 kip-ft(12 in At) 
~ 268 in. 


= 30.4 ksi 
Calculate Normal Stress due to Warping 


From Section 4.1.4, the normal stress due to warping may be 
approximated as: 


(4.3b) 


_ 38.9 kip-ft(12 in At) 
a 50.3 in. 


= 9.28 ksi 


Calculate Total Normal Stress 


Lin top = Sox top + Fw (4.8a) 
= 18.7 ksi + 9.28 ksi 
= 28.0 ksi 
Tun tonom = 30.4 ksi < controls 
Check Design Strength 
OE, = 0.9(36 ksi) 
= 32.4ksi>30.4ksi ok. 


Comments 


Since it is common practice in crane-girder design to assume 
that the lateral loads are resisted only by the top flange 
assembly, the approximate solution of Section 4.1.4 is ex- 
tremely useful for this case. 


Vertical forces 
produce M ux = 679 kip-ft 


——_—__—_—_—_—_———__» 
Lateral forces U ones 
produce M w= 38.9 kip-ft 


W27x94 


Figure 5.7. 
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Appendix A 
TORSIONAL PROPERTIES 


W-, M-, S-, and HP-Shapes 


Torsional Properties 


W44x335 

290 51.5 
262 37.7 
230 


406,000 
346,000 


W40x593 996,000 
503 279 791,000 
431 177 639,000 
372 116 528,000 
321 75.4 437,000 
297 61.2 397,000 
277 378,000 
249 333,000 
215 283,000 
199 245,000 434 
174 189,000 209 364 
W40x466 393,000 1,030 
392 306,000 67.9 121 856 
331 242,000 76.8 118 715 
278 192,000 87.6 115 596 
264 181,000 91.3 114 566 
235 161,000 101 113 506 
211 140,000 109 112 453 
183 119,000 125 391 
167 99,300 136 346 
149 79,600 147 299 
W36x848 1,620,000 1,910 
798 1,480,000 59.8 1,790 
650 1,090,000 68.6 1,420 
527 816,000 80.0 1,130 
439 637,000 92.0 928 
393 554,000 100 830 
359 493,000 108 757 
328 441,000 116 691 
300 398,000 127 628 
280 366,000 134 585 
260 330,000 143 538 
245 306,000 151 505 
230 282,000 160 472 
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W-, M-, S-, and HP-Shapes 


Torsional Properties 


W36x256 


; 168,000 
232 39.8 


148,000 
210 28.0 128,000 
194 22.2 116,000 116 
182 18.4 107,000 123 
170 15.1 98,500 130 
160 12.4 90,200 137 
150 10.1 82,200 145 , 
135 6.99 68,100 159 104 245 79.9 
W33x354 115 408,000 
318 84.4 357,000 105 133 1,000 237 
291 65.0 319,000 113 132 906 216 
263 48.5 281,000 122 130 808 195 
241 35.8 250,000 134 130 721 174 
221 27.5 224,000 145 129 650 158 
201 20.5 198,000 158 128 580 142 
W33x169 17.7 82,400 
152 12.4 71,700 122 93.8 286 95.1 
141 9.70 64,400 131 93.3 258 86.5 
130 7.37 56,600 141 92.8 228 76.9 
118 5.30 48,300 154 
W30x477 307 480,000 
391 174 364,000 73.6 
326 103 286,000 84.8 
292 74.9 249,000 92.8 
261 53.8 215,000 102 
235 40.0 190,000 111 
211 27.9 166,000 124 
191 20.6 146,000 135 
173 129,000 148 
W30x148 49,400 
132 9.72 42,100 
124 7.99 38,600 
116 6.43 34,900 
108 4.99 30,900 
99 3.77 26,800 
90 24,000 
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W27x539 
448 
368 
307 
258 
235 
217 
194 
178 
161 
146 


W27x129 
114 

102 

94 

84 


We24x492 
408 
335 
279 
250 
229 
207 
192 
176 
162 
146 
131 
117 
104 


W24x103 
94 
84 
76 
68 


W24x62 
55 


W21x201 
182 
166 
147 
132 
122 
111 
101 


440,000 


336,000 

254,000 

199,000 

159,000 

46.3 140,000 
37.0 128,000 
26.5 111,000 
19.5 98,300 
14.7 87,300 
10.9 77,200 
11.2 32,500 
7.33 27,600 
5.29 24,000 
4.03 21,300 
2.81 17,900 
456 283,000 
271 214,000 
154 160,000 
91.7 125,000 
67.3 108,000 
51.8 95,800 
38.6 83,900 
31.0 76,200 
24.1 68,400 
18.5 62,600 
13.4 54,600 
9.50 47,100 
6.72 40,800 
4.72 35,200 
7.10 16,600 
5.26 15,000 
3.70 12,800 
2.68 11,100 
1.87 9,430 
1.71 4,620 
1.18 3,870 
41.3 61,800 
31.1 54,300 
23.9 48,500 
41,100 

36,000 

32,700 

29,200 

26,200 
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83 
73 
68 
62 


W21x57 


W18x311 
283 
258 57,400 
234 ; 49,900 
211 : 43,200 
192 . 37,900 
175 : 33,200 
158 . 28,900 
143 F 25,700 
130 , 22,700 


W18x119 : 20,300 
106 F 17,400 

97 ; 15,800 

86 . 13,600 

76 : 11,700 


W18x71 : 4,700 
65 : 4,240 
60 . 3,850 
55 ‘ 3,430 
50 : 3,040 


W18x46 : 1,710 
40 ; 1,440 
35 F 1,140 


W16x100 : 11,900 . 
89 : 10,200 
77 . 8,590 
67 F 7,300 


W16x57 : 2,660 
50 . 2,270 
45 : 1,990 
40 ‘ 1,730 
36 ; 1,460 


W16x31 : 739 
26 E 565 
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W-, M-, S-, and HP-Shapes 


Torsional Properties Statical Moments 


J Cw a 

Shape in.4 in.® in. 
W14x808 1,860 433,000 24.6 
730 1,450 362,000 25.4 
665 1,120 305,000 26.6 
605 870 258,000 27.7 
550 670 219,000 29.1 
500 514 187,000 30.7 
455 395 160,000 32.4 
W14x426 331 144,000 33.6 
398 273 129,000 35.0 
370 222 116,000 36.8 
342 178 103,000 38.7 
311 136 89,100 41.2 
283 104 77,700 44.0 
257 79.1 67,800 47.1 
233 59.5 59,000 50.7 
211 44.6 51,500 54.7 
193 34.8 45,900 58.4 
176 26.5 40,500 62.9 
159 19.8 35,600 68.2 
145 15.2 31,700 73.5 
W14x132 12.3 25,500 73.3 
120 9.37 22,700 79.2 
109 7.12 20,200 85.7 
99 5.37 18,000 93.2 

90 4.06 16,000 101 
W14x82 5.08 6,710 58.5 
74 3.88 5,990 63.2 
68 3.02 5,380 67.9 
61 2.20 4,710 74.5 
W14x53 1.94 2,540 58.2 
48 1.46 2,240 63.0 
43 1.05 1,950 69.3 
W14x38 0.80 1,230 63.1 
34 0.57 1,070 69.7 
30 0.38 887 77.7 
W14x26 0.36 405 54.0 
22 0.21 314 62.2 
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Swi 
Swo Swo 
Swo Swo 
Swi 
Torsional Properties Statical Moments 
ee 


W12x336 243 57,000 24.6 46.4 459 119 301 

305 185 48,600 26.1 45.0 403 107 269 

279 143 42,000 27.6 44.0 357 96.3 241 

252 108 35,800 29.3 42.8 313 86.4 214 

230 83.8 31,200 31.0 41.8 279 78.4 193 

210 64.7 27,200 33.0 41.0 249 71.41 174 

190 48.8 23,600 35.4 40.1 220 64.1 156 

170 35.6 20,100 38.2 39.2 192 56.9 137 

152 25.8 17,200 415 38.4 168 50.4 121 

136 18.5 14,700 45.4 37.7 146 44.5 107 
120 12.9 12,400 49.9 37.0 126 38.9 93.2 
106 9.13 10,700 55.1 36.4 110 34.6 81.9 
96 6.86 9,410 59.6 35.9 98.2 31.3 73.6 
87 5.10 8,270 64.8 35.5 87.2 28.0 66.0 
79 3.84 7,330 70.3 35.2 78.1 25.3 59.5 
72 2.93 6,540 76.0 34.9 70.3 22.9 53.9 
65 2.18 5,780 82.9 34.5 62.7 20.6 48.4 
W12x58 2.10 3,570 66.3 28.9 46.3 18.2 43.2 
53 1.58 3,160 72.0 28.7 41.2 16.3 39.0 
W12x50 1.78 1,880 52.3 23.3 30.2 14.7 36.2 
45 1.31 1,650 57.1 23.1 26.7 13.1 32.4 
40 0.95 1,440 62.6 22.9 23.6 11.8 28.8 
W12x35 0.74 879 55.5 19.6 16.8 9.86 25.6 
30 0.46 720 63.7 19.4 13.9 8.30 21.6 
26 0.30 607 72.4 19.2 11.8 7.15 18.6 
W12x22 0.29 164 38.3 12.0 5.13 4.87 14.7 
19 0.18 131 43.4 11.8 4.14 4.01 12.4 
16 0.10 96.9 50.1 11.7 3.09 3.04 10.0 

14 0.07 80.4 54.5 11.6 2.59 2.59 8.72 
W10x112 15.1 6,020 32.1 26.3 85.7 30.8 73.7 
100 10.9 5,150 35.0 25.8 74,7 27.2 64.9 
88 7.53 4,330 38.6 25.3 64.2 23.8 56.4 
77 5.11 3,630 42.9 24.8 54.9 20.7 48.8 
68 3.56 3,100 47.5 24.4 47.6 18.1 42.6 
60 2.48 2,640 52.5 24.0 41.2 15.9 37.3 
54 1.82 2,320 57.5 23.8 36.6 14.3 33.3 
49 1.39 2,070 62.1 23.6 33.0 13.0 30.2 
W10x45 1.51 1,200 45.4 19.0 23.6 11.5 27.5 
39 0.98 992 51.2 18.7 19.8 9.77 23.4 
33 0.58 790 59.4 18.5 16.0 7.98 19.4 
W10x30 0.62 414 41.6 14.5 10.7 7.09 18.3 
26 0.40 345 47.3 14.3 9.05 6.08 15.6 
22 0.24 275 54.5 14.1 7.30 4.95 13.0 
38 


© 2003 by American Institute of Steel Construction, Inc. All rights reserved. 
This publication or any part thereof must not be reproduced in any form without permission of the publisher. 


Who 
Wro 
e W-, M-, S-, and HP-Shapes 
Who ii 
Torsional Properties 
| ov | & | a 
Shape in.4 in.6 in. in? in.4 
W10x19 0.23 104 34.2 9.89 3.93 
17 0.16 85.1 37.1 9.80 3.24 
15 0.10 68.3 42.1 9.72 2.62 
12 0.05 50.9 51.3 9.56 1.99 
W8x67 5.06 1,440 27.1 16.7 32.3 
58 3.34 1,180 30.2 16.3 27.2 
48 1.96 931 35.1 15.8 22.0 
40 1.12 726 41.0 15.5 17.5 
35 0.77 619 45.6 15.3 15.2 
31 0.54 530 50.4 15.1 13.1 
W8x28 0.54 312 38.7 12.4 9.43 
24 0.35 259 43.8 12.2 7.94 
W8x21 0.28 152 37.5 10.4 5.47 
18 0.17 122 43.1 10.3 4.44 
Ww8x15 0.14 51.8 31.0 7.82 2.47 
13 0.09 40.8 34.3 7.74 1.97 
10 0.04 30.9 44.7 7.57 1.53 
W6x25 0.46 150 29.1 9.01 6.23 
20 0.24 113 34.9 8.78 4.82 
15 0.10 76.5 44.5 8.58 3.34 
W6x16 0.22 38.2 21.2 5.92 2.42 
12 0.09 24.7 26.7 5.75 1.61 
9 0.04 17.7 33.8 5.60 1.19 
W5x19 0.31 50.8 20.6 5.94 3.21 
16 0.19 40.6 23.5 5.81 2.62 
W4x13 0.15 14.0 15.5 3.87 1.36 
M12x11.8 0.05 37.2 43.9 9.02 1.56 
10.8 0.04 33.8 46.8 9.01 1.45 
M10x9 0.03 15.7 36.8 6.59 0.91 
8 0.02 13.8 42.3 6.57 0.80 
M8x6.5 0.02 5.45 26.6 4.45 0.48 
M5x18.9 0.34 41.3 17.7 5.73 2.98 
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Swo 


Swi 


Statical Moments 


OQ 
in3 

3.76 

3.13 


2.56 
2.00 


14.7 

12.5 

10.4 
8.42 
7.39 
6.46 


5.64 
4.83 


4.03 
3.31 


2.39 
1.93 
1.56 
3.92 
3.10 
2.18 
2.28 
1.55 
1.19 


2.44 
2.02 


1.27 
1.98 
1.86 


1.32 
1.18 


0.82 


2.28 


10.8 
9.33 


8.00 
6.32 


35.1 
29.9 
24.5 
19.9 
17.3 
15.2 


13.6 
11.6 


10.2 
8.52 


6.78 
5.70 
4.43 


9.46 
7.45 
5.39 


5.84 
4.15 
3.12 


5.81 
4.82 


3.14 


7.14 
6.58 


4.60 
4.06 


2.72 


5.53 
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S 
$ 


s wi 
Wo cS) WO 
WoO cS) WO 
cS) wi 
Statical Moments 
| oe | & 


$24x121 
106 


$24x100 
90 
80 


$20x96 
86 


$20x75 
66 


$18x70 
54.7 


$15x50 
42.9 


$12x50 
40.8 


$12x35 
31.8 


$10x35 
25.4 


$8x23 
18.4 


$6x17.25 
12.5 


$5x10 


$4x9.5 
7.7 


$3x7.5 
5.7 
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Swi 
Woo 
Wro Swo Swo 
W-, M-, S-, and HP-Shapes 
Woo 
Swi 


Statical Moments 

Pe | me | Sm || 

| in | in Tint Tin in 
HP14x117 8.02 149 38.5 97.2 
102 5.40 128 33.5 84.3 
89 3.60 14,200 110 29.1 72.9 
73 2.01 11,200 88.0 23.8 59.2 
HP 12x84 4.24 7,160 75.0 23.5 59.8 
74 2.98 6,170 5 65.5 20.8 52.7 
63 1.83 4,990 84.0 54.1 17.5 44.2 
53 1.12 4,090 44.7 14.7 37.0 
HP10x57 1.97 2,240 34.8 13.1 33.2 
42 0.81 1,540 24.7 9.64 24.2 
HP8x36 0.77 578 14.0 6.62 16.8 
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Eo Ss Ss 
Tei| wo we 
Woo re | an LV : 
| C- and MC-Shapes nt 
Ss Ss 
Wro Wee wo we 
Swi 
Torsional Properties Statical Moments 
Ge | «| Wm | Wa Se | Se | & | @ | & | 
Shape | int [| in® | in, | in? | in? a 
C15x50 2.67 492 21.8 17.3 6.75 13.6 11.6 5.78 0.941 14.4 34.5 
40 1.46 411 27.0 16.0 7.37 11.6 9.17 4.58 1.03 14.4 29.0 
33.9 1.02 358 30.1 15.1 7.86 10.3 7.52 3.76 1.10 14.4 25.6 
C12x30 0.87 151 21.2 11.7 5.02 6.01 4.91 2.45 0.873 7.83 17.0 
25 0.54 130 25.0 11.0 5.40 5.28 4.00 2.00 0.940 7.83 14.8 
20.7 0.37 112 28.0 10.3 5.81 4.61 3.14 1.57 1.01 7.83 12.9 
C10x30 1.23 79.3 12.9 9.52 3.37 4.13 3.61 1.82 0.706 5.03 13.4 
25 0.69 68.4 16.0 8.92 3.62 3.63 3.03 1.52 0.757 5.03 11.6 
20 0.37 56.9 20.0 8.24 3.95 3.09 2.38 1.20 0.827 5.03 9.77 
15.3 0.21 45.6 23.7 7.48 4.38 2.55 1.68 0.84 0.916 5.03 8.03 
C9x20 0.43 39.4 15.4 7.23 3.17 2.52 2.03 1.02 0.739 3.99 8.55 
15 0.21 31.0 19.6 6.52 3.54 2.04 1.44 0.73 0.825 3.99 6.88 
13.4 0.17 28.2 20.7 6.26 3.69 1.88 1.23 0.62 0.860 3.99 6.35 
C8x18.75 0.44 25.1 12.2 6.12 2.57 1.92 1.58 0.79 0.675 3.11 7.00 
13.75 0.19 19.2 16.2 5.46 2.87 1.53 1.11 0.55 0.756 3.11 §.53 
11.5 0.13 16.5 18.1 5.11 3.07 1.34 0.86 0.43 0.807 3.11 4.87 
C7x12.25 0.16 11.2 13.5 4.45 2.31 1.09 0.80 0.40 0.695 2.35 4.27 
9.8 0.10 9.18 15.4 4.09 2.49 0.92 0.58 0.29 0.752 2.35 3.63 
C6x13 0.24 7.22 8.83 3.79 1.69 0.87 0.70 0.35 0.599 1.72 3.69 
10.5 0.13 5.95 10.9 3.49 1.82 0.74 0.54 0.27 0.643 1.72 3.13 
8.2 0.08 4.72 12.4 3.17 1.98 0.61 0.37 0.19 0.699 1.72 2.62 
C59 0.11 2.93 8.30 2.65 1.38 0.48 0.35 0.17 0.590 1.21 2.22 
6.7 0.06 2.22 9.79 2.36 1.51 0.38 0.22 0.11 0.647 1.21 1.80 
C4x7.25 0.08 1.24 6.34 1.88 1.01 0.28 0.20 0.10 0.547 0.80 1.44 
5.4 0.04 0.92 7.72 1.66 1.10 0.22 0.12 0.06 0.594 0.80 1.16 
C3x6 0.07 0.46 4.12 1.25 0.68 0.16 0.11 0.06 0.500 0.48 0.77 
5 0.04 0.38 4.96 1.16 0.71 0.13 0.08 0.04 0.521 0.48 0.77 
41 0.03 0.31 5.17 1.06 0.74 0.11 0.06 0.03 0.546 0.48 0.67 
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MC18x58 


51.9 
45.8 
42.7 
MC13x50 2.98 558 22.0 17.4 7.49 14.9 12.2 6.09 1.21 
40 1.57 463 27.6 16.1 8.12 12.7 9.48 4.60 1.31 
35 1.14 413 30.6 15.3 8.57 11.5 7.86 4.00 1.38 
31.8 0.94 380 32.4 14.8 8.84 10.7 6.90 3.37 1.43 
MC12x50 3.24 411 18.1 14.5 6.55 12.9 10.3 5.14 1.16 
45 2.35 374 20.3 13.9 6.78 11.9 9.08 4.56 1.20 
40 1.70 336 22.6 13.3 7.05 10.9 7.83 3.92 1.25 
35 1.25 297 24.8 12.6 7.36 9.83 6.47 3.24 1.30 
31 1.01 268 26.2 12.0 7.71 8.89 5.20 2.86 1.37 
MC12x10.6 0.06 11.7 22.5 6.00 2.22 0.95 0.82 0.41 0.379 
MC10x41.1 2.27 270 17.5 12.5 5.95 9.59 7.44 3.72 1.26 
33.6 1.21 224 21.9 11.6 6.35 8.23 5.77 2.83 1.35 
28.5 0.79 194 25.2 10.9 6.70 7.26 4,52 2.19 1.42 
MC10x25 0.64 125 22.5 9.40 5.75 5.39 3.38 1.77 1.22 
22 0.51 111 23.7 8.93 6.01 4.87 2.66 1.44 1.28 
MC10x8.4 0.04 7.01 21.3 4.85 2.03 0.68 0.56 0.28 0.417 
MC9x25.4 0.69 104 19.8 8.72 5.12 4.95 3.25 1.62 1.21 
23.9 0.60 98.2 20.6 8.49 5.24 4.69 2.91 1.52 1.24 
MC8x22.8 0.57 75.3 18.5 7.61 4.68 4.06 2.52 1.22 1.25 
21.4 0.50 70.9 19.2 7.42 4.77 3.87 2.26 1.08 1.28 
20 0.44 479 16.8 6.68 3.91 2.98 1.96 0.98 1.04 
18.7 0.38 45.1 17.5 6.51 4,00 2.83 1.76 0.88 1.07 
MC7x22.7 
19.1 


MC6x18 


MC6x16.3 
15.1 


MC6x12 
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WT-, MT-, and ST-Shapes 


WT22x167.5 
145 
131 
115 


WT20x296.5 
251.5 
215.5 
186 
160.5 
148.5 
138.5 
124.5 
107.5 

99.5 
87 


WT20x233 
196 
165.5 
139 
132 
117.5 
105.5 
91.5 
83.5 
74.5 


WT18x424 
399 
325 
263.5 
219.5 
196.5 
179.5 
164 
150 
140 
130 
122.5 
115 


WT18x128 


Torsional Properties 


WT16.5x177 
159 
145.5 
131.5 
120.5 
110.5 
100.5 


WT16.5x84.5 
76 
70.5 
65 
59 


WT15x238.5 
195.5 
163 
146 
130.5 
117.5 
105.5 
95.5 
86.5 


WT15x74 


WT13.5x269.5 
224 
184 
153.5 
129 
117.5 
108.5 

97 
89 
80.5 
73 


WT13.5x64.5 
57 
51 
47 
42 


44 


WT-, MT-, and ST-Shapes 
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WT-, MT-, and ST-Shapes 
Torsional Properties 

; 

| int Tin in 
WT12x246 1,340 3.94 
204 748 3.82 
167.5 405 3.71 
139.5 230 3.63 
125 165 3.58 
114.5 125 3.55 
103.5 91.3 3.52 
96 72.5 3.49 
88 55.8 3.47 
81 43.8 3.51 
73 31.9 3.51 
65.5 23.1 3.55 
58.5 16.4 3.56 
52 11.6 3.58 
WT12x51.5 12.3 3.00 
47 9.57 3.08 
42 6.90 3.12 
38 5.30 3.20 
34 4.08 3.37 
WT12x31 3.92 3.46 
27.5 2.93 3.59 
WT10.5x100.5 85.4 3.28 
91 63.0 3.25 
83 47.3 3.21 
73.5 32.5 3.31 
66 23.4 3.28 
61 18.4 3.26 
55.5 13.8 3.24 
50.5 10.4 3.22 
WT10.5x46.5 9.33 2.83 
415 6.50 2.79 
36.5 4.42 2.75 
34 3.62 2.77 
31 2.78 3.75 
WT10.5x28.5 2.50 2.71 
25 1.89 2.93 
22 1.40 3.08 
WT9x155.5 339 3.17 
141.5 251 3.13 
129 189 3.08 
117 140 3.03 
105.5 102 3.00 
96 75.7 2.96 
87.5 56.5 2.93 
79 41.2 2.91 
71.5 30.7 2.86 
65 22.8 2.84 
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WT-, MT-, and ST-Shapes 


Torsional Properties 


WT9x59.5 ; 

53 3.73 : 
48.5 9.29 2.87 
2.85 
2.83 
2.43 
2.39 
2.37 
2.40 
2.40 
2.26 
2.25 
2.48 
2.64 
2.62 
2.59 
2.56 
2.16 
2.14 
1.96 
2.09 
2.23 
WT8x15.5 2.05 
13 2.19 
WT7x404 4.43 
365 4.36 
332.5 4.28 
302.5 4.20 
275 4.13 
250 4.06 
227.5 4.00 
WT7x213 3.96 
199 3.92 
185 3.88 
171 3.84 
155.5 3.79 
141.5 3.75 
128.5 3.71 
116.5 3.67 
105.5 3.63 
96.5 3.61 
88 3.58 
79.5 3.55 
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WT-, MT-, and ST-Shapes 


WT-, MT-, and ST-Shapes 


J | G@ | a | a 
Shape 
WT7x66 6.13 26.6 
60 4.67 20.0 
54.5 3.55 15.0 
49.5 2.68 11.1 
45 2.03 8.31 
WT7x41 2.53 5.63 
37 1.94 4.19 
34 1.51 3.21 
30.5 1.10 2.29 
WT7x26.5 0.970 1.46 
24 0.726 1.07 
21.5 0.524 0.75 WT5x15 0.310 0.27 1.50 
13 0.201 0.17 1.48 
WT7x19 0.398 0.55 11 0.119 0.11 1.55 
17 0.284 0.40 
15 0.190 0.29 WT5x9.5 0.116 0.08 1.34 
8.5 0.078 0.06 1.44 
WT7x13 0.179 0.21 75 0.052 0.05 1.58 
11 0.104 0.13 6 0.027 0.03 1.70 
WT6x168 120 481 WT4x33.5 2.52 3.56 1.91 
152.5 92.0 356 29 1.66 2.28 1.89 
139.5 70.9 267 24 0.979 1.30 1.85 
126 53.5 195 20 0.559 0.72 1.83 
115 41.6 148 17.5 0.385 0.48 1.80 
105 32.2 112 15.5 0.268 0.33 1.79 
95 24.4 82.1 
85 17.7 58.3 WT4x14 0.268 0.23 1.49 
76 12.8 41.3 12 0.173 0.14 1.45 
68 9.22 28.9 
60 6.43 19.7 WT4x10.5 0.141 0.09 1.29 
53 4.55 13.6 9 0.086 0.06 1.34 
48 3.42 10.1 
43.5 2.54 7.34 WT4x7.5 0.068 0.04 1.23 
39.5 1.92 5.43 6.5 0.043 0.03 1.34 
36 1.46 4.07 5 0.021 0.01 1.11 
32.5 1.09 2.97 
WT8x12.5 0.229 0.17 1.39 
WT6x29 1.05 2.08 10 0.120 0.09 1.39 
26.5 0.788 1.53 7.5 
WT6x25 0.889 1.23 
22.5 0.656 0.89 
20 0.476 0.62 
WT6x17.5 0.369 0.44 
15 0.228 0.27 
13 0.150 0.17 
WT6x11 0.146 0.14 
9.5 0.090 0.09 
8 0.051 0.07 
7 0.035 0.05 
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WT-, MT-, and ST-Shapes 


Torsional Properties 


MT6x5.9 
5.4 


MT5x4.5 
4 


MT4x3.25 


MT2.5x9.45 


$T12x60.5 
53 


ST12x50 
45 
40 


ST10x48 
43 


$T10x37.5 
33 


ST9x35 
27.35 


ST7.5x25 
21.45 


ST6x25 
20.4 


ST6x17.5 
15.9 


ST5x17.5 
12.7 


ST4x11.5 
9.2 


ST3x8.63 
6.25 


ST2.5x5 


ST2x4.75 
3.85 


$T1.5x3.75 
2.85 
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Single Angles 


Single Angles 


Torsional Properties 


L8x8x11% L5x5x7/q ; 

1 1.33 2.32 2.13 
% 0.792 1.40 2.14 
V 0.417 0.74 2.14 
¥% 6 0.284 0.51 2.16 

Ne ¥% 0.183 0.33 2.16 
Ww Ae 0.108 0.19 2.13 
L8x6x1 L5x314x3% 1.11 1.52 1.88 
0.660 0.92 1.90 
0.348 0.49 1.91 
0.153 0.22 1.93 
6 0.091 0.13 1.92 
W 0.048 0.07 1.94 
L5x3x% 0.322 0.44 1.88 
Ae 0.219 0.30 1.88 
¥% 0.141 0.20 1.92 
Ae 0.083 0.12 1.93 
W 0.044 0.06 1.88 
L4x4x¥% 1.02 1.12 1.69 
0.610 0.68 1.70 
0.322 0.37 1.72 
"Ae 0.219 0.25 1.72 
¥% 0.141 0.16 1.71 
6 0.083 0.10 1.77 
"6 YW 0.044 0.05 1.72 
% 
L4x3lox 0.301 0.30 1.61 
L6x6x1 ¥% 0.132 0.13 1.60 
As 0.078 0.08 1.63 
W% 0.041 0.04 1.59 
L4x3x5¥g 0.529 0.47 1.52 
Ww 0.281 0.26 1.55 
"Ae 0.192 0.18 1.56 
% 0.123 0.11 1.52 
Ae 0.073 0.07 1.58 
VW 0.039 0.04 1.63 
L3%x3oxlo 0.281 0.24 1.49 
Ae 0.192 0.16 1.47 
¥% 0.123 0.11 1.52 
6 0.073 0.06 1.46 
VW, 0.039 0.03 1.41 
L3Vx3xl 0.260 0.19 1.38 
¥% 0.114 0.09 1.43 
L6x3'4x'4 Ae 


¥% YW 


6 
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L3x3x 
Ag 

% 

“6 

1 V4 

Ae 


L3x2VoxVo 
¥% 

“es 

1 V4 

Ae 


L3x2xV 
% 

“Ae 

1 V4 

He 


L2Vox2 Vox 
% 

Ae 

1 V4 

6 


L21x2x3 
6 


L2x2x¥ 
6 

1 V4 

Ae 

1 ig 


0.160 
0.103 
0.061 
0.032 
0.014 


0.213 
0.094 
0.056 
0.030 
0.013 


0.192 
0.086 
0.051 
0.027 
0.012 


0.185 
0.082 
0.048 
0.025 
0.011 


0.073 
0.043 
0.023 
0.010 


0.064 


Single Angles 
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Square HSS 
| smge | a 
pint 


TS30x30x5g 16,000 


TS28x28x5g 
TS26x26x5g 
TS24x24x5g 


1 Vo 
¥% 


TS22x22x5 
1 Vo 
% 


TS20x20x5g 
1 Vo 
% 


TS18x18x5¢ 
1 Vo 
¥% 


TS16x16x5¥g 
1 Vo 
% 

6 


TS14x14x5g 
1 Vo 
¥% 

He 


TS12x12x5g 
Ye 
¥% 

6 

YW, 


TS10x10x5g 


Ae 
i) V4 
Ae 


TS8x8x5 
i) Vo 
¥% 

Ae 
1 V4 

He 


TS7x7x¥ 
1 Vo 
¥% 

Ae 
1 V4 

Ae 
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TS6x6x5e 
1 Vo 
¥% 

Ae 
1 V4 
6 
1 Vg 


TS5Vox5Vox¥g 
As 

1 “4 

He 

1 Vg 


TS5x5xl4 
¥% 

6 

1 V4 

Ae 

1 Vg 


TS4ox4 Vox¥g 
Ae 

1 V4 

Ae 

1 Vg 


TS4x4xY 
¥% 

Ae 

1 V4 

He 

1 Vg 


TS316x3Vox546 
1 “4 

He 

1 Vg 


TS3x3x6 
1 V4 

He 

1 Vg 


TS21ox2ox5416 
1 V4 

Ae 

1 Vg 


TS2x2x6 
1 V4 

Ne 

1 Vg 


TS1 x1 ox%6 
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Rectangular HSS 


TS30x24xo 
¥% 
Ye 


TS28x24x' 
¥% 
Ae 


TS26x24x' 
¥% 
He 


TS24x22xVo 
% 
6 


TS22x20xl 
¥% 
Ae 


TS20x1 8x 
¥% 
Ae 


TS20x12xl 
¥% 
Ae 


TS20x8x' 
¥% 
“6 


TS20x4x' 
¥% 
“6 


TS18x12xlo 
¥% 
Ye 


TS18x6xVo 
% 

“6 

1 V4 


TS16x12xl 
¥% 
“6 


TS16x8x% 
¥% 
e 


TS16x4x'o 
¥% 
6 
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Rectangular HSS Rectangular HSS Rectangular HSS 
Shape in.4 in. 
TS14x12xlo 983 TS10x6x'4 187 TS7x5x' 
¥% 757 ¥% 147 ¥% 64.2 
46 126 6 55.3 
TS14x10x's 730 Wy 103 Y% 45.6 
¥% 564 Hg 79.1 He 35.3 
Ae 477 % 24.2 
TS10x5x¥g 107 
TS14x6x54 352 56 91.5 TS7x4x¥q 43.3 
% 296 V4 75.2 Ag 37.5 
¥% 233 He 58.0 V4 31.2 
516 199 He 24.2 
"% 162 TS10x4x'% 86.9 Ve 16.7 
¥% 70.4 
TS14x4x5g 154 Ag 60.8 TS7x3x¥g 25.1 
Y% 134 VW 50.4 Ag 22.0 
¥% 108 He 39.1 VW 18.5 
He 93.1 He 14.6 
% 77.0 TS10x3x3g 39.8 Ve 10.2 
He 59.7 6 34.9 
VW 29.3 TS6x4xl% 42.1 
TS12x10xi 581 He 23.0 ¥% 34.6 
¥% 450 6 30.1 
56 381 TS10x2x3g 16.5 “% 25.0 
% 309 6 14.9 Hg 19.5 
W% 12.8 lg 13.5 
TS12x8x54 481 He 10.3 
VY 401 TS6x3x' 23.9 
¥% 312 TS8x6x' 135 ¥% 20.3 
6 265 ¥% 107 56 17.9 
Wy 216 6 91.3 Wy 15.1 
He 165 VW 74.9 Ae 11.9 
Hg 57.6 Vv 8.27 
TS12x6x5g 286 
% 241 TS8x4x5¢ 73.2 TS6x2x3g 8.72 
¥% 190 Vo 64.1 6 7.94 
46 162 ¥% 52.2 Y% 6.88 
Wy 132 16 45.2 He 5.56 
He 101 V% 37.5 Vg 3.98 
6 29.1 
TS12x4x5g 127 % 20.0 TS5x4x¥g 26.3 
\Y 110 6 22.9 
¥% 89.0 TS8x3x' 35.7 Y% 19.1 
6 76.9 ¥% 29.9 Ag 14.9 
Ww 63.6 Ve 26.3 
He 49.3 Ws 22.1 TS5x3xlo 18.2 
He 17.3 ¥ 15.6 
TS12x3x546 43.6 Vy 12.1 6 13.8 
% 36.5 V4 11.7 
He 28.7 TS8x2x3e 12.6 He 9.21 
46 11.4 iy 6.44 
TS12x2x% 15.9 V4 9.84 
He 12.8 He 7.94 TS5x2x546 6.24 
Vy 5.66 V% 5.43 
TS10x8x1%5 306 Dee he, He 4.40 
¥% 239 uv 3.15 
6 203 Ld 
“% 166 
Vg 127 
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Rectangular HSS 


TS4x3x16 
1 4 

He 

1 Vg 


TS4x2x¥e 
6 

1 4 

He 

1 Vg 


TS3x2x56 
1 V4 

“6 

1 Vg 


TS2Vox1 Vox'4 
Ae 
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Nominal 
Diameter 


Steel Pipe 
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Z-shapes 


Torsional Properties 


24x10.3 
8.2 


Z3x6.7 
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Appendix B 


CASE CHARTS OF TORSIONAL FUNCTIONS 


Determine the case based upon the end conditions and type 
of loading. For the given cross-section and span length, com- 
pute the value of //a using / in inches and a as given in 
Appendix A. With this value, enter the appropriate chart from 
the loading. At the desired location along the horizontal scale, 
read vertically upward to the appropriate //a curve and read 
from the vertical scale the value of the torsional function. (For 
values of !/a between curves, use linear interpolation.) This 
value should then be divided by the factor indicated by the 
group of terms shown in the labels on the curves to obtain the 
value of 0, 6’, 6”, or 6”. This result may then be used in 
Equation 4.1, 4.2, or 4.3 to determine T,, T,, or 6,, . 


Sign Convention 


In all cases, the torsional moment (7, f) is shown acting in a 
counter-clockwise direction when viewed toward the left end 
of the member. This is considered to be a positive moment in 
this book. Thus, if the applied torsional moment is in the 
opposite direction, it should be assigned a negative value for 
computational purposes. A positive stress or rotation com- 
puted with the equations and torsional constants of this book 
acts in the direction shown in the cross-sectional views shown 
in Figures 4.1, 4.2, and 4.3. A negative value indicates the 
direction is opposite to that shown. 


54 


On some of the Case Charts, the applied torsional moment 
is indicated by a vector notation using a line with two arrow- 
heads. This notation indicates the "right-hand rule," wherein 
the thumb of the right hand is extended and pointed in the 
direction of the vector, and the remaining fingers of the right 
hand curve in the direction of the moment. 

In Figures 4.2 and 4.3, the positive direction of the stresses 
is shown for channels and Z-shapes oriented such that the top 
flange extended to the left when viewed toward the left end 
of the member. For the reverse orientation of these members 
with the applied torque remaining in a counterclockwise 
direction, the following applies: 


t, = the positive direction of the stresses in the flanges is 
the same as shown in Figures 4.2b and 4.3b. For 
example, at the top edge of the top flange, a positive 
stress acts from left to right. A positive stress at the 
left edge of the web acts downward; a positive stress 
at the right edge of the web acts upward. 

6,, = the positive direction of the stresses at the correspond- 
ing points on the reversed section are opposite those 
shown in Figures 4.2d and 4.3d. For example, a 
positive stress at the tips of the flanges, point o, is a 
tensile stress. 
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Torsional Function 


Torsional Function 


Torsional End Restraints Concentrated torques at 


Left End Right End ends of member with free 
Free =0"=0 | Free @”=o0 [ends 


0.1 


0.2 0.3 0.4 0.5 0.6 0.7 
Fraction of Span Length — z/ 


Torsional End Restraints Concentrated torques at 
Left End Right End ends of member with free 
Free 0=9'=0 | Free @”=0 [ends 


’- plotted line 


0.1 


0 


0.1 


0.2 0.3 0.4 0.5 0.6 : E F 1.0 
Fraction of Span Length — z/1 
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T 2a Right End ends of member with fixed 
Fixed @=0'=0 | Fixed @’=0 [ends 


GJ_1 ; - 
Case 2 @x F x= Torsional End Restraints Concentrated torques at 


2.0 gas r 
1.8 + | + 
Yaz6 
16 
14 
Yae5 
12 
r= 
& 
5 1.0 ! 
= ie 
= 08 4 
< 
4 
= 06 
Vae3 
04 4 
0.2 Ya=2 
Yai 
0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Fraction of Span Length — z/ 
Case 2 6’ x i at T Torsional Ena Restraints | Concentrated torques at 
T { Left End RightEnd _| ends of member with fixed 
Fixed 0=0'=0| Fixed @=0 [ends 


1.0 J 
09 Yae6 
08 
4 
0.7 
a 0.6 a£3 
2 
2 05 
5 
<7 
= 04 { 
= Yat2 
5 
= 03 
02 
Yaz 
0.1 Ap, 
0 r 
0 0.1 0.2 0.3 04 0.5 0.6 07 0.8 09 1.0 


Fraction of Span Length — z/f 


56 


© 2003 by American Institute of Steel Construction, Inc. All rights reserved. 
This publication or any part thereof must not be reproduced in any form without permission of the publisher. 


Torsional End Restraints Concentrated torques at 


= E Left End Right End ends of member with fixed 
~~ | Fixed @=0=0| Fixed @=0 [ends 


§ 
| 
oe 
5 
a 
FE 
3 
5 
= 


0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1.0 
Fraction of Span Length — 71 


Case 2 0” x (F x a T Torsional End Restraints Concentrated torques at 


T 


ane Left End Right End ends of member with fixed 
. Fixed 6=0'=0| Fixed @=0 [ends 


a 


Torsional Function 
6 b S$ 
nN 
4 
T 


~~ 
| 
+ 


0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0 
Fraction of Span Length — 71 
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GJS ; . 
Case3 ox F x | a Conant wre Res 
_ _ eft En | RightEnd | = 0.1 on member with 3/1/03 
a=0.1 wt ii - 9] [Pinned |® = 8’ = 0 pinned ends. 
0.30 
a ae | +t L {of i 
0.27 + 
Ya=6 
024-14 + ! : a 
a aa ik i 
0.21 } +— ——}} — : 
Yal=4 ++ Deen (ee 
- 0.18 + | + - 
& i 
2 0.15 = | aie I aro 
the a 
@ 012+ + + 
= yt 
E Caer Toro 
=I 
i) Ya\=2 
a) oos}_ 
Fy 
0.06 + 
Yal=1 
0.03 Wat: il 
0 Yat 0: 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 10 
Fraction of Span Length — z/ 
Case 3 Q’ GJ T Concentrated torque at Rev. 
T ae ea | LeftEnd =| ——-RightEnd | = 0.1 on member with 3/1/03 
a=01 rare ped ends 
0.42 
| 
{ 4 | --—- on eee 
036 Gee 
Shi 
ie ana | t 45, ) owas Gee 
0.24 5 oi r T rc ss ata a a 
a mei rE oF 
Z 0.18 ae Jet wash 
3S ae r |_| a | 4 
= 0.12 rou rT 
z fake | 
3 0.06 + Loi Hs 05 
< Va 1 im 4 = 
£ a +05) y 
= 0 
-0,06 | | 
: oe | 
0.12 > FE] Va 
a — | 41 | va 4. 
0.18 cline | Ht. [+ }— 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0 


Fraction of Span Length — 2/1 
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Case3 T 
Gai as a @ = 0.1 on member with 


Torsional Function 


Case3 ex (Fx 


a=0.1 


’ Torsional Function 


Torsional End Restraints 
Concentrated torque at 


i - a) [Pinned ]0 = @’ = 0 [Pinned | & =0 pinned ends. 


aaa 
p—— as A A LS See ee T | 
ee ee een ee Se eel 
pce TT 
—' 
a ee ee 
eo a2 


FCCC 


EHH 


it 
EEE 


= ae | 
HH 
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Baas 
|_| 
|_| 
Reae 


0.7 


T Torsional End Restraints Concentrated torque at 
| en ARES Ceftend | _RightEnd Here o1 on momor wih 
a St Pimed]o=¢=0 sed ond 


ep || 
ate 
‘ — ae Sage eee |_| 
: C4 ——— ttt a 
| | aan 
fee ai cr 
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0.25 Lime ead 
0.375 7 
-0.5 
| Yar 6 L a | 
-0,625) P 
ck TS ne 
0.15 wks | ae 's 
~$75 aes I 
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Fraction of Span Length — z/ 
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Rev. 
3/1/03 


Rev. 
3/1/03 


Torsional End Restraints Concentrated torque at 


[—“Tatiend [might end’ Jaro on member wi 
Pinned 6=6"=0|Pinned 0-6" =0 [Pinned ends 
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+—t 25 i ~——T | 
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Case3 Q’x GJ Torsional End Restraints Concentrated torque at 
T Left End Right E End a= 0.3 on member with 
ioe 1 La |“ i(i-) | 


a=03 [Pinned @=0"=0| pinned ends 
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}__4 
0.5 ZB 
0.4 
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Case3 0’x|/— xa T Torsional End Restraints Concentrated torque at 
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GJ 1 ; ; 
Case3 6x|= x T Torsional End Restraints Concentrated torque at 

=05 Tol 2 oa Right End __| a= 0.5 on member with 

ea Loa |*™-o | Pinned 0=0"=0|Pinned 0=6" —0 |Pinned ends 
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015 | et 
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Case 1 0 x Torsional End Restraints Partial uniformly distributed 
Left End Right End torque along o = 0.9 with 
a=09 Fixed 020201 Free 0”=0 |fixed end and free end 
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Case 10 0’ x a x a Torsional End Restraints Partial uniformly distributed 
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GJ 1 F , 
Case 10 Ox|——x> Torsional End Restraints Partial uniformly distributed 
toa Left End Right End torque along a = 1.0 with 
a=10 Fixed 0=0'=0 fixed end and free end 
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Case 10 0’ x & x :| = Torsional End Restraints Partial uniformly distributed 
a__| 


a= 1.0 | 


Left End Right End torque along a = 1.0 with 
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Torsional End Restraints 


Left End Right End 


Fixed 9=0'=0 Free 86”=0 


Partial uniformly distributed 
torque along a = 1.0 with 
fixed end and free end 


Case 10 ex a at 


a= 1.0 
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Case 1 1 8x (F x 2) Linearly varying torque on 


Left End Right End member with free and fixed 
Fired 9=0=0 [ends 
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Torsional Function 


c Torsional End Restraints Linearly varying torque on 
aera Left End | _RightEnd —_|member with free and fixed 
| E Fired 0= 020 ]0"68 
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Left End Right End on member with fixed and 


GJ 1 : , 
Case 1 2 @x G x oe Torsional End Restraints Uniformly distributed torque 
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Torsional End Restraints Uniformly distributed torque 


Left End Right End on member with fixed and 


Fixed 0=6'=0 pinned ends 
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Appendix C 
SUPPORTING INFORMATION 


C.1 General Equations for 6 and its Derivatives 


Following are general equations for 8 for a constant torsional 
moment, uniformly distributed torsional moment, and lin- 
early varying torsional moment. They are developed from 
Equation 2.4 in Section 2.2. 


C.1.1 Constant Torsional Moment 


For a constant torsional moment T along a portion of the 
member as illustrated in Figure C.1a, the following equation 
may be developed: 


=A +Boosh® + Csinh® +22 (C.1) 
a a GJ 
where 
Zz = distance along Z-axis from left support, in. 
A, B, C = constants that are determined from boundary 


conditions 


C. 1.2 Uniformly Distributed Torsional Moment 


A member subjected to a uniformly distributed torsional 
moment fis illustrated in Figure C.lb. For this case, examine 
a small segment of the member of length dz. By summation 
of torsional moments: 


T +dT + tdz-T=0 (C.2) 
or 
aT 
mot (C.3) 


Differentiating Equation 2.4 and substituting the above 
yields: 


—t 6” ULLA 
EG @ 3) (C4) 
which may be solved as: 
= Z 4 psinh® —- 
@=A+Bzt+ Ccoshe + Dsinhy IG] (C.5) 


C13 Linearly Varying Torsional Moment 


For a member subjected to a linearly varying torsional mo- 
ment as illustrated in Figure C.lc, again examine a small 
element of the member length dz. Summing the torsional 
moments: 
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T+ ar + Faz _T=0 


(C.6) 
or 


a_i 
di! 


Differentiating Equation 2.4 and substituting the above 
yields: 


(C.7) 


m4 6” veer 
ECl- @ A) (C.8) 
which may be solved as: 
= ee ee 
O@=A+Bz+ Ccosh™ + Dsinh 6GIl (C.9) 


C.2. Boundary Conditions 


The general equations contain constants that are evaluated for 
specific cases by imposing the appropriate boundary condi- 
tions. These conditions specify mathematically the physical 
restraints at the ends of the member. They are summarized as 
follows: 


T 
7 
(a) Concentrated Torsional Moment 


ee ml = THT 
————+ J 
|__| 
(b) Uniformly Distributed Torsional Moment 
4 
t+ t Zz 
i 12 
ao ILD tee 
(c) Linearly Varying Torsional Moment 


Figure Cl. 
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Physical Torsional End Mathematical 
Condition Condition Condition 
No rotation Fixed or Pinned 6=0 
Cross-section cannot Fixed end 6’ =0 

warp 
Cross-section can Pinned or Free 0” =0 

warp freely 


Additionally, the following conditions must be satisfied at a 
support over which the member is continuous or at a point of 
applied torsional moment: 


Bien = Origh (C.10) 
On = Oxfnr (C.11) 
On =O, (C.12) 


In all solutions in Appendix C, ideal end conditions have been 
assumed, ie., free, fixed, or pinned. Where these conditions 
do not apply, a more advanced analysis may be necessary. 

A torsionally fixed end (full warping restraint) is more 
difficult to achieve than a flexurally fixed end. If the span is 
one of several for a continuous beam, with each span similarly 
loaded, there is inherent fixity for flexure and flange warping. 
If however, the beam is an isolated span, Ojalvo (1975) 
demonstrated that a closed box made up of several plates or 
a channel, as illustrated in Figure C.2, would approximate a 
torsionally fixed end. Simply welding to an end-plate or 
column flange may not provide sufficient restraint. 


C.3. Evaluation of Torsional Properties 

Following are the general solutions for the torsional proper- 
ties given in Chapter 3 and more accurate equations for the 
torsional constant J for I-shapes, channels, and Z-shapes. 


Sect. A-A 


Figure C.2. 


C.3.1 General Solution 


Referring to the general cross-section and notation in Figure 
C.3, the torsional properties may be expressed as follows: 


1 
=i ras (C.13) 
1 b 
W.. =al W,, tds ~ W, (C.14) 
where 
A= iC ds (C.15) 
0 
W, ={p. as C16) 
0 
Sya=ftds (C17) 
0 
c.=f i. tds (C.18) 
0 


C.3.2 Torsional Constant Jfor Open Cross-Sections 


The following equations for J provide a more accurate value 
than the simple approximation given previously. For I-shapes 
with parallel-sided flanges as illustrated in Figure C.4a: 


b(x, y) 


(x, y) cg = centroid 
sc = shear center 


Note: All directions are shown positive; p and p o are positive if they are on the left side 
of an observer at P(x, y) facing the positive direction of s. 


Figure C.3. 
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a 2b, d= 21) 
3 #3 


+20,Di-0.4207% (C19) 


3 
where 
ty R 
a, = 0.0420 + 0.220 + 0.136% — 
ty fy 
0.08652 _ 9,725" (C.20) 
. ¢ . a . 
2 by 
(+R) +4,R+ 4 
D,= (C21) 
2R+ ty 


For I-shapes with sloping-sided flanges as illustrated in Fig- 
ure C.4b: 


pa Or tt , Mth) a Pee 20h " 


20,Di- 44 4 (C.22) 


where for I-shapes with flange slopes of 16% percent only: 


ot, = -0.0836 + 0.254" +0.127% — 
ty ty 
"  oosoe'e* _ 0.0858" (C.23) 
. Ee . & . 


For flange slopes other than 16% percent, the value of a, may 
be found by linear interpolation between @, and a, as given 
above for parallel-sided flanges: 


t 


(F+my+t,R+ 4 
D,= 24 
f F+R+m ce) 
a J41-1 ia) C25 
2(m—t 
a (C.26) 
by 

V, =0.105 + 0.1005 + 0.08485? + 

0.06758 + 0.0515S* (C.27) 
For channels as illustrated in Figure C.4c: 
pa emt + OME + 8) | 2th d= 21)6 

6 3 3 

20,,Dj — 2V, f — 0.2108 (C.28) 


where for channels with flange slopes of 16% percent only: 


t 
01, =-0.133 +0.302% + 0.1408 — 
2 2 


1R by 
0. er a OME (C.29) 
For flange slopes other than 16% percent, the value of ©, may 
be found by linear interpolation between a, as given above 


and a,’ as given below for parallel-sided flanges: 


t, 
G4 = 0.0908 + 0.262°" +0. 123% = 
2 2 


0.0752" ~ 0.09455 (C30) 
Dy= JGR +t,+ H)—V2QR + 1,)2R +A) | (C31) 
H=t,-R(S+1-V1+S) (C.32) 
i,-—ft 
= = . (C.33) 
V, =0.105 + 0.1005 + 0.08488? + 
0.06755? + 0.05155" (C.34) 


For Z-shapes with parallel-sided flanges as illustrated in 
Figure C.4d: 


rhs R(d-2 
J= 7h ; — +20,Di-0.420f (C35) 


~ 
= 


| 
_| 


(a) shaped member with 


(b) shaped member with 


parallel-sided flanges sloping-sided flanges 
ty ty hr be 
a ————— 
ie | 
— xX h d Xi — X h 
-—tw | -— tw | 
Lf eet 
(c) Channel with sloping-sided flanges (d) Z-shape with parallelsided flanges 


Figure C.4. 
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where D,= ABR +t, +) —V2QR +t,)(QR +t) ] (C.37) 


t, R C.4 Solutions to Differential Equations for Cases in 
oO; = —0.0908 + er +0. seas - Appendix B 
Following are the solutions of the differential equations using 
t,R Pe) the proper boundary conditions. Take derivatives of @ to find 
0.07525 = 0.09455 (C.36) 0’, 8”, and 0”. 
f £ 


— athe x cosh - inh + Z. sinh 
2a a 2a a a 


ol : 
——-~ — cosh— |x sinh 
a a 


. Zz .., Ol Zz 
x sinh— — sinh— x cosh— 
a a a 


aes 
2ail PP 


} oak = int seein 10] 
a 2a a 
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Case 8 


6 0<z<al 
cosh cosh— 
a x i + sinh - ‘ + sigh = i + ! i x) cos —1.0|-sinnz +5 
(H+ GI sinh- @ tanh tanh— = tanh— q 
a a a 
alszs<l 
xa - t0| (coat! - cosh + Z x son! 
Ta a a aia a 
Q= ,.. 1 \. er iia + eo + 
( + 7| GJ Hx sinh— sinh— 
H a a 


ean! - Lo 


H 


t - cot! ft - ea x men 
cosh rT <i + : i + sinh< 
oT ay tanh sinh- 2 


+cosh—|-~+ 
a a 


e 


where: 


al al 
i. - cos : ent? - Lo ei: el 


+ sinh = m 
tanh sin he 
H —_ 


(cos! + pe Rs x woe - ee - 10| ] ai 
g = +—(0.— 1.0) — sinh— 


a 


a} 6P 


2Isinh 
a 


3 
= 8 tanh | [ost — Lo} sx [inns 2) z 
2a a a 


Il 
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eae 
a 


1 
8 (cont.) 7 a x cosh= — 1.0 |- 60 
an +2.0-2 ee” 
a a a 
9 O0<z<al 
ie sinh - tanh x cosh™ a + tanh cosh —1.0|- sinh + = 
“GI a aa 
al<zsl 
1 
= id (om x eon - tanike - san | eos - 10) tanke x cosh® |+ loony - 10); sinh +a 
GJ a a a a a a a a aa 
10 O<zs<al 
2 
0= Zz [sang G - sah cos cosns = 10] - ee x sinh< + ~ & - ny 
J ala a a a ala 2a 
al<szsl 


ta | al al l oe? 
= tan inkl cosas — 6 x tanh a +10+55- 


ion - ap tanh x cosh + [son - ase sinh— A 
aoa a 


Zz 
cosh— 
1 _ 2 


8= ia Hx Gee -=H- tanh x cosh® + ints} 


woke eos 
a a 
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NOMENCLATURE 


area, in.’; also, constant determined from boundary 
conditions (see Equations C.1, C.5, C.9, and C.14) 
constant determined from boundary conditions (see 
Equations C.1, C.5, C.9, and C.14) 

constant determined from boundary conditions (see 
Equations C.1, C.5, C.9, and C.14) 

warping constant of cross-section, in.” 


D, variablein EquationC.26, in. 


UO 


mo 


hie nes 


8 


mam 


variable in Equation C.29, in. 

variable in Equation C.42, in. 

variable in Equation C.36, in. 

modulus of elasticity of steel, 29,000 ksi 

horizontal distance from Centerline of channel web to 
shear center, in. 

variable in Equation C.30, in. 

allowable axial stress (ASD), ksi 

allowable bending stress (ASD), ksi 

Euler stress divided by factor of safety (see ASD 
Specification Section H1), ksi 

allowable shear stress (ASD), ksi 

yield strength of steel, ksi 

critical buckling stress, ksi 

shear modulus of elasticity of steel, 11,200 ksi 
variable in Equation 3.37 


é Bates 
Zmoment of inertia, in. 


tO VES 


aie Pa Fae 


torsional constant of cross-section, in.” 

bending moment, kip-in. 

concentrated force, kips 

statical moment about the neutral axis of the entire 
cross-section of the cross-sectional area between the 
free edges of the cross-section and a plane cutting the 
cross-section across the minimum thickness at the 
point under examination, in.’ 

value of Q for a point in the flange directly above the 
vertical edge of the web, in.” 

value of Q for a point at mid-depth of the cross-sec- 
tion, in.” 

fillet radius, in. 

elastic section modulus, in.’; also, variable used in 
calculation of torsional properties (see Equation 3.31 
or C.38) 

warping statical moment at point s on cross-section, 
in.* 

applied concentrated torsional moment, kip-in. 
resisting moment due to pure torsion, kip-in. 
resisting moment due to warping torsion, kip-in. 
shear, kips 
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V, 


ns 


ii 


variable in Equation C.32 or C.39, in. 

normalized warping function at point s on cross-sec- 
tion, in.” 

torsional constant as defined in Equation 3.6 

width of cross-sectional element, in. 

variable in Equation 3.21 or 3.30, in. 

flange width, in. 

incremental torque corresponding to incremental 
length dz, kip-in. 

incremental length along Z-axis, in. 

eccentricity, in. 

horizontal distance from outside of web of channel to 
shear center, in. 
axial stress under service load, ksi 


f, total normal stress due to torsion and all other causes, 


re 
h 


~ 


ksi 
total shear stress due to torsion and all other causes, 
ksi 

depth center-to-center of flanges for I-, C-, and Z- 
shaped members, in. 

depth minus half flange thickness for structural tee, 
in. 

leg width minus half leg thickness for single angles, 
in. 

torsional stiffness from Equation 2.1 

span length, in. 

thickness of sloping flange at beam Centerline (see 
Figure C.4b), in. 

subscript relative to point 0, 1, 2,... on cross-section 
distributed torque, kip-in, per in.; also, thickness of 
cross-sectional element, in. 

flange thickness, in. 

web thickness, in. 

thickness of sloping flange at toe (see Figure C.4b), 
in. 

thickness of sloping flange, ignoring fillet, at face of 
web (see Figure C.4b), in. 

subscript denoting factored loads (LRFD); also, vari- 
able in Equation 3.22 or 3.31, in. 

variable in Equation 3.32, in. 

subscript relating to strong axis 

subscript relating to weak axis 

distance along Z-axis of member from left support, in. 
angle of rotation, radians 

first derivative of 8 with respect to z 

second derivative of @ with respect to z 

third derivative of @ with respect to z 
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6””’ fourth derivative of 6 with respect to z 


Qa 


distance from support to point of applied torsional 
moment or to end of uniformly distributed torsional 
load over a portion of span, divided by span length / 
variable in Equation C.19, in. 

variable in Equation C.22, in. 

variable in Equation C.35, in. 

variable in Equation C.28, in. 

variable in Equation C.30, in. 

0.90, resistance factor for yielding (LRFD) 

0.85, resistance factor for buckling (LRFD) 
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perpendicular distance to tangent line from centroid 
(see Figure C.3), in. 

perpendicular distance to tangent line from shear cen- 
ter (see Figure C.3), in. 

normal stress due to axial load, ksi 

normal stress due to bending, ksi 

normal stress at point s due to warping torsion, ksi 
shear stress, ksi 

shear stress at element edge due to pure torsion, ksi 
shear stress at point s due to warping torsion, ksi 
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